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ABSTRACT OF THESIS

CAPTURE OF RESPIRABLE DUST USING MAINTENANCE FREE
IMPINGEMENT SCREEN
Dust produced during mining activities has a detrimental effect on both miners’ health and
operations’ safety. There is no definitive treatment for coal miners’ pneumoconiosis (CWP), which
is caused by prolonged inhalation of respirable dust. Elevated coal dust concentrations have also
been shown to cause several disastrous explosions in the United States and worldwide, resulting in
the death of miners and loss of operations. Flooded-bed dust scrubbers are used on all modern-day
continuous miners. These devices cleanse the dust-laden air and assist in bringing fresh air towards
the mining face. Scrubbers use a multi-layered fibrous screen to capture airborne particles. These
systems direct the dust-laden air towards the fibrous screen mounted upstream of a water spray.
These screens capture dust on the finely woven surface. Prolonged scrubber operations lead to dust
accumulation, which can result in filter clogging. This increases the pressure-drop across the screen
and causes a lowered airflow through the scrubber. Reduced capture efficiency of the scrubber may
lead to an enhanced exposure of the miners nearby.
This thesis presents the design of three full-scale non-clogging, maintenance-free impingement
type screens. The findings of Computational Fluid Dynamics (CFD) modeling, laboratory studies
using coal, and rock (limestone) dust to determine cleaning efficiency are presented. In-mine tests
were conducted to examine the performance of each screen using limestone dust as an aerosol. The
newly designed impingement screens outperform the conventional fibrous screen at all airflows
between 4,000 and 8,000; therefore, they may be a potential replacement for the fibrous screen.
Keywords: Respirable dust, CFD, Fibrous screen, Dust scrubber, Impingement, Filter clogging
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Introduction
1.1 Background and Motivation
Massive amounts of dust are produced when coal is extracted by various mining methods
depending upon the geology of the deposit [1]. The dust generated is hazardous to mining
personnel. Long-term exposure to respirable coal dust causes permanent respiratory problems
known as Coal Workers Pneumoconiosis (CWP) or black lung disease. Black lung disease has
existed since the beginning of coal mining 5,000 years ago [2]. However, our ability to diagnose
the onset of CWP has vastly improved. In addition to this threat, dust concentrations over a
threshold level may pose a risk to the safety of the processes and can lead to a coal-dust explosion.
Explosions in coal mines are exceptional, yet they are catastrophic. Almost 8,000 lives have been
lost in coal mines in the United States alone since 1907 due to coal dust explosions [3].
CWP is further exacerbated in low-coal operations when additional overlying or underlying strata
are cut to extract the coal. Cutting this rock releases dust, which usually contains respirable
crystalline silica dust found in sandstone, shale and lime-stone. Occupational exposure to respirable
silica causes silicosis. Silicosis affects the lungs' capacity to deliver oxygen to the blood, resulting
in persistent shortness of breath and even death in certain cases [4].
Continuous miners, as shown in Figure 1 are the primary production machinery utilized in
underground mining. Coal is scraped off the seam by a large rotating cutting drum with wearresistant tungsten carbide bits on it.

Figure 1.1: A 12HM46 Komatsu continuous miner (Source: Komatsu Global website)
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Continuous miners have flooded bed scrubbers installed to address the health and safety concerns
associated with coal dust. These fan-powered scrubbers draw dust-laden air from the working faces
and remove respirable dust particles by forcing them through a wet filter panel. A multi-layered
fibrous screen is the primary dust cleaning element of these scrubbers. The spraying increases
particle collection efficiency from the airstream and reduces filter clogging by continuously
flushing the screen [5]. These screens tend to get clogged leading to an increased pressure-drop and
reduced airflow through the scrubber, which leads to the need for frequent maintenance
requirements and elevated dust levels within the working space [6].
This thesis presents three potential non-clogging, self-cleaning impingement type screens that may
be used as a drop-down replacement for conventional fibrous screens. The Department of Mining
Engineering, University of Kentucky, has applied for a patent for the invention of impingement
screens. Computational Fluid Dynamics (CFD) models were generated to redesign the initial
patented design. The findings of detailed CFD models, and laboratory and in-mine testing results
are presented.

1.2 Research Objectives
The research aims at developing impingement-type screens that have the potential to replace multilayered fibrous screens. Full-scale screens were fabricated and were used in the research. The
specific research objectives include:
(i)

Generation of steady and transient state CFD models to establish the flow pressure-drop
and particle impaction efficiency for the impingement screen.

(ii)

Running experiments in the laboratory to validate CFD models for the impingement
screens.

(iii) In-mine testing of the impingement screens.
(iv) A comparative study of the different designs of the impingement screens.

1.3 Thesis Outline
This thesis has been partitioned into seven chapters. The previous research in the field of dust
control is summarized in Chapter 2. Chapter 3 introduces the fundamentals of Computational Fluid
Dynamics. Chapter 4 summarizes the steady and transient state CFD models of the impingement
designs. This chapter also compiles the laboratory experiments and validation of the CFD models.
The application of scaling laws in the prediction of flow-pressure-drop for impingement screens is
discussed in Chapter 5. Chapter 6 summarizes the in-mine testing of impingement screens. The key
findings of the study are summarized in Chapter 7 along with recommendations for further research.
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Literature Review
The background research and developments in the field of dust management in underground mines
are summarized in this chapter. This chapter discusses some of the most recent advancements in
the scrubbing system and dust-measuring instruments used in underground mines.

2.1 Dust as a Health & Safety Hazard
Although biomass fuel and renewable energy sources such as solar and wind power are gaining
popularity across the world, thermal coal continues to be a major source of fuel for electricity
generation, and metallurgical coal is essential for steel production [7]. Due to the brittle nature of
coal, dust is generated during cutting, crushing, and transportation [8]. Long-term exposure to
respirable dust has severe consequences for the health of miners unless adequate steps are taken to
suppress it [9]. Exposure to respirable dust can induce lung illnesses such as Coal Workers'
Pneumoconiosis (CWP, known as "black lung") and silicosis, which can occur not only in the
mining environment but also in the processes and with the equipment used to do mining [10]. While
CWP and silicosis have received more attention, mining exposures induce a broad array of
respiratory ailments, including chronic bronchitis, emphysema, and pulmonary fibrosis [11]. All of
these lung diseases are avoidable, yet detections are still on the rise, particularly in the Appalachian
region of the U.S [12].
Silicosis is a chronic lung ailment caused by the inhalation of crystalline silica dust over a
substantial period. Silica is a mineral that is found in a variety of stones, rock, sand and clay [13].
Silicosis symptoms might emerge months or years after exposure. These include shortness of
breath, breathing difficulty, chest pain, fever and weakness. Alleviating black lung and silicosis is
both a technical and a medical challenge [14]. By far the most important remedial measure in
dealing with the dust hazard is to eliminate the dust at its source, preventing it from spreading into
the air [15]. Once the dust has penetrated the breathing zone, it is extremely difficult to remove it.
Mining workers' health is compromised when dusty air is inhaled [16].
Coal seams house a wide variety of combustible gases. Among all gases, methane is by far the most
prevalent [17]. The lower combustible limit represents the lowest concentration of combustible gas,
while the upper or higher limit is the highest concentration of combustible gas capable of causing
the combination to ignite. The lower explosive limit (LEL) for methane-air mixture is 5% by
volume and 14% being high explosive limit (HEL) [18]. Combustible gases, when present within
explosive limit ignite if they contact an ignition source, such as a spark or fire.
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If not controlled, it might escalate to a detonation, wherein the shock wave travels faster than the
speed of sound [19]. Coal dust when combined with air can form an explosive mixture like coal
mine gases. Explosions caused by coal dust have resulted in the loss of life and damage to property
[3]. The range of explosive dust concentration in the air is primarily based on particle size and the
quantity of volatile materials in coal [20].

2.2 Dust Standards and Sampling Instruments
The Occupational Safety and Health Administration (OSHA) in the United States is the federal
agency in charge of workers’ safety in facilities with combustible dust’ and it has implemented a
Combustible Dust National Emphasis Program (NEP). The purpose of the OSHA Combustible
Dust NEP, Directive CPL 03-00-008, “is to inspect facilities that generate or handle combustible
dust which poses a deflagration or other fire hazard” [21]. This program’s beginning was a result
of a massive explosion that rocked the Consol No. 9 coal mine north of Farmington, West Virginia,
on November 20, 1968. This accident claimed the lives of 78 miners [22]. Even though the cause
of the explosion was never discovered, it led to a series of landmark mine safety legislation to
safeguard miners. Congress passed the Federal Coal Mine Health and Safety Act of 1969 (U.S.
Public Law 91-173), known as the Coal Act, which was the first important step toward dust
management in underground mines. The Coal Mine Health and Safety Act of 1969 resulted in a
significant decrease in fatalities, as illustrated in Figure 2.1.

Figure 2.1: Coal mine fatalities report since 1969 (Source: US Department of Labor)
This Act required that every surface-mine operation must be inspected twice a year, and
underground mines must be inspected four times a year. It empowered mine inspectors with the
authority to shut down a mining facility if life-threatening hazards were present.
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Willful violations were subject to civil and criminal consequences [22]. Subsequent legislation
strengthened mine safety and health even further, extending safeguards to both metal and nonmetal
miners, as well as establishing the Mine Safety and Health Administration, or MSHA, as a
Department of Labor enforcement agency [23].
Measuring dust concentration is an important step in eliminating dust-related occupational
illnesses. Depending on the dust settlement or measurement of light scattering, a variety of dust
sampling equipment has been used in the industry. In the 1930s, the midget impinger, as shown in
Figure 2.2, was the most prevalent dust sampling equipment in US. Air is manually forced through
a tiny aperture. The bottom of the liquid-filled container is then struck by high-velocity dust
particles through the aperture. The number of dust particles larger than a millimeter in the liquid is
then counted [24].

Figure 2.2: Midget impinger [25]
In 1960, the International Conference on Pneumoconiosis at Churchill, London, triggered major
changes in the methodology of dust sampling. It was observed that the mass of dust inhaled, not
the particle count, is related to illness progression. It was also discovered that dust particles with a
diameter less than 7.0 micrometers (micron) infiltrate the inner lungs [26]. As a result, technologies
that can measure the mass of dust particles smaller than 7.0 microns were developed. The
gravimetric sampler developed by the Mining Research Establishment (MRE), shown in Figure
2.3, was first in line for mining use in the UK [27].

Figure 2.3: MRE gravimetric sampler [25]
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During this time, the US developed a smaller and lighter personal sampler for mining use based on
the principle of cyclone [28]. According to US Atomic Commission research, particles sized larger
than 7.0 microns can be eliminated by cyclone movement, as illustrated in Figure 2.4. The cyclone
assembly in the personal sampler replaced the elutriator in MRE, but the principle remained the
same [25].

Figure 2.4: Cyclone filter assembly [25]
However, due to several limitations such as cost and convenience, delays associated with delivering
the filter, weighing the sample and manipulation in the sampling process the personal sampler was
not recommended for accurate measurements [29]. Two dust measurement systems that have been
developed in recent years have shown potential in improving personal sampling of mine dust. These
include the tapered element oscillating microbalance (TEOM) and dosimeter. The TEOM is a
portable microbalance that weights the filter as dust accumulates on it [30]. The dosimeter is a lowcost screening device that measures dust based on filter pressure-drop [31].

2.2.1 PDM3700 Personal Dust Monitor
In 2006, Gillies and Wu tested a novel personal dust sampler developed by Thermo Electro
Corporation, which could be used to monitor real-time dust monitoring in a mine [32]. The Personal
Dust Monitor (PDM), as shown in Figure 2.5, incorporates a real-time particulate monitor that
measures respirable coal dust mass concentration, shift exposure and accumulated exposure.
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Figure 2.5: PDM3700 dust monitor (Source: ThermoFisher Scientific)
PDM3700 contains a filter cartridge attached on top of a hollow tapered tube with one end fixed.
Using a coil driver, an oscillating movement is created pulsating against a magnet attached to the
tapered element. The air sample starts to flow through the filter. Over time the particulate matter
gets deposited on the filter, reducing the oscillation frequency. This change in frequency is
measured by a Hall effect sensor [33]. The mass change is measured as a frequency change in the
oscillation of the tube. The exact mass of the dust collecting on the filter is then determined directly.
PDM3700 was used to sample air during in-mine testing for this research.

2.2.2 TSI OPS 3330
A device based on light scattering was developed to evaluate respirable dust as an alternative to the
personal gravimetric sampler. To detect the light scattered by dust particles, these devices use a
light source and a light sensor, which provide a rough estimation of dust concentration [34]. These
devices provide real-time monitoring of dust concentration of the sampled air. TSI OPS 3330, as
shown in Figure 2.7, uses a single particle optical scattering principle for accurate measurement of
particle concentration. Due to the high sensitivity of the OPS to airflow rate, it is precisely
controlled to 1.0 L/min ± 5%. Figure 2.6 demonstrates the sample flow path in the OPS model
3330. Individual particles are counted and binned into one of 16 channels (user adjustable)
depending on their pulse heights. A maximum particle size of 10.0 microns can be counted.
Particles larger than 10.0 microns will be counted but not sized [35].
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Figure 2.6: Flow path in the OPS model 3330 [35]

Figure 2.7: TSI OPS model 3330 (Source: TSI global website)
The TSI OPS 3330 can be used in a variety of applications, including filter testing, indoor air quality
monitoring, workplace monitoring and industrial measurements. TSI OPS 3330 was used to
analyze dust samples for laboratory testing of impingement-type screens.
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2.2.3 Complex Refractive Index
The index of refraction is the ratio of the speed of light in air to the speed of light in the material
under investigation. To convert optical diameters to physical diameters, OPS 3330 requires a
complex refractive index as an input parameter. The complex refractive index, which is a function
of the wavelength of light, is expressed in equation
m = n ± i. k

2.1.
2.1

The complex refractive indices of 1.78 - i.0.60 for coal dust [36] and 1.5 - i.0.005 for sandstone
dust sample [37] were used in this research.

2.3 Contemporary Dust Control Measures
According to research conducted by the National Institute for Occupational Safety and Health
(NIOSH), existing dust management strategies only reduce respirable dust concentrations by 25 to
50% [38]. The following sub-sections describe the prevalent dust control strategies adopted in
modern-day mines.

2.3.1 Dust Control via Ventilation
To prevent dust accumulation, a good ventilation system is essential. Dilution and displacement
are the two principles that an effective ventilation network uses to reduce dust concentrations. In
confined locations, ventilation via dilution is the most preferable method [39]. But simply boosting
airflow, can have a big influence on mining costs and technical issues related to mining [40]. In
case of displacement ventilation, airflow is permitted in such a way that miner always remains
upwind of the suspended dust particles [41]. This type of ventilation system is very popular in
mines using continuous miners. To keep the dust-laden air away from the miners, higher air velocity
is needed, obtained by lowering the cross-section area of the opening. Alternatively, dust at the
sources can be confined by reducing the turbulence of the dust source which leads to a lower spread.
The volume of air required to disperse the dust is lowered when the dust source is less turbulent
[42].

2.3.2 Dust Control via Water Sprays
When it comes to dust control, adequate wetting is critical for preventing dust from becoming
airborne. The majority of dust particles generated during mining adhere to the surfaces of the
fragments and are not discharged into the atmosphere [43]. Wetting the fractured rocks ensures that
the dust particles remain attached to the broken rock mass.
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However, excessive wetting does not always keep the dust level low and can lead to material
handling problems and quality-related issues [44]. Pre-spraying the coal with water and then mixing
coal and water to ensure uniform soaking yielded the highest dust reductions [45]. The easiest way
to accomplish consistent soaking is to use more nozzles at lower flow rates, making sure the nozzles
are targeted at the fragmented material rather than spraying into the air and wetting nearby rock
surfaces [46]. The selection of the right nozzle is critical to obtaining optimal performance in dust
suppression. For optimum capture, dust particle and water droplet diameters should be similar [47].
If the droplet diameter is significantly larger than the diameter of the dust particle, the dust particle
follows the air stream around the droplet. If the droplet sizes are comparable, as shown in Figure
2.8, dust particles collide with the droplet as it follows the air stream [48].

Figure 2.8: Effect of droplet size in capturing dust particle [48]
In the study conducted by Pollack and Organiscak in 2007, sprays with air moving capabilities
performed poorly in terms of dust-collection efficiency, while those with inadequate airflow
inducement performed well [49]. The researchers examined hollow cones, full cones, flat sprays,
and air atomizing sprays as shown in Figure 2.9.

Figure 2.9: Spray nozzle designs used by Pollock and Organiscak [49]
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2.3.3 Dust Control via Foam and other Water Additives
Foam performs considerably better than water sprays for dust suppression. Effects of water sprays
and other surfactants depend on proximity to the dust source and degree of isolation from dispersing
forces [50]. Coal is hydrophobic and hence the capture efficiency, particularly for respirable dust,
is low due to the high surface tension of spray water [51], [52]. Foam, on the other hand, has high
wettability, good adherence, and has large contact area. Adding a foaming agent decreases the
surface tension of water [53]. Foam is generally made up of three ingredients: water, air and a
foaming agent. However, the high cost of applying foam over regular water spray is the major
negative aspect of using foam, preventing a widespread application [40]. Surfactants are the most
effective agents used to combat respirable dust in the mining industry. The use of surface
magnetized water (SMW) as a means of enhancing water wettability for coal dust control was
demonstrated [54]. These compounds lower the surface tension of the spraying water, which
enhances wettability and dust capture [55].

2.3.4 Dust Control through Dust Collectors
Dust collecting systems have become a need for the industry as dust standards have become more
stringent than before. By forcing the air through a series of airtight filters, these dust-collecting
devices eliminate particulate matter [56]. Major components of the dust collecting system include
ducting, air purifiers, and dust collectors, as shown in Figure 2.10.

Figure 2.10: Simple dust exhaust system [48]
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The size of the duct depends upon the quantity of air required, the length of the ducting used, and
the type of particles being extracted [57]. The blower or fan is attached to the ductwork and is
responsible for pulling air from the workplace and transporting it to the cleaning systems.
Centrifugal and axial types of the blower are commonly used in the industry.

2.4 Flooded Bed Dust Scrubber
Underground mining machinery uses a machine-mounted flooded-bed dust scrubber as a dust
control system. These fan-powered scrubbers draw air from the ductwork attached to the
machinery. Dust-laden air is collected from different inlets along the cutter head and is forced
through a wet fibrous screen [58]. These screens consist of multilayered fibrous wire mesh. When
water is sprayed over the fibrous screen, it creates a large number of fine droplets. Dust particles
are collected and removed from the airflow as they come into contact with these droplets. The
airstream then passes through a demister, which filters out dust-laden water droplets and discharges
clean air. Some scrubber designs have ducting on the back of the miner, this allows air to be
discharged on both sides, as shown in Figure 2.11. Figure 2.12 illustrates the major components of
the flooded bed dust scrubber.

Figure 2.11: Continuous miner with dust scrubber arrangement (Source: Komatsu global website)

Figure 2.12: Machine mounted scrubber components [48]
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The idea of machine mounted scrubbing system was first introduced by John Campbell [59].
Several studies have improved the scrubber system's design and efficiency, as well as its application
in underground mining [60]–[63]. To enhance the surface area of the scrubber, the fibrous screen
is positioned at an angle of 45° to the bottom of the scrubber. In a comprehensive study of machinemounted scrubbers in South African collieries, Du Plessis et al. in 1995 recommended a 48-layer
fibrous screen for dust reduction [64]. Increasing the number of layers boosts cleaning efficiency,
as shown in Figure 2.13, but it also raises the flow pressure-drop across the scrubber [65], [66].

Figure 2.13: Fibrous screen efficiency depending on number of mesh layer [64]
When a filtering mechanism like a flooded-bed dust scrubber employs fibrous media to hold
particles, the extent of particle retention increases over time resulting in clogging [67], [68]. This
reduces the amount of air flowing through the scrubber and causes high dust concentration at
working faces [69].

2.4.1 Scrubber Capture and Cleaning Efficiency
Scrubber capture efficiency refers to the percentage of dust collected by the scrubber intake. The
airflow direction at the scrubber intake, the design of the scrubbing system, and the resistance to
airflow through the scrubber system all affect capture efficiency [70]. Scrubber cleaning efficiency
refers to the percentage of dust removed from the dust-laden air. Water flow rate, air flowing
through the scrubber, and the types of screen used in the filtration medium affect the scrubber
cleaning efficiency [71]. The majority of continuous miners used in the US today are equipped with
flooded-bed scrubbers. Colinet et al. found that using a flooded bed scrubber can attain a cleaning
efficiency of 90% [6]. The scrubber not only cleans the dusty air but also assists in moving the
fresh air to the face [72]–[74].
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Dust capture and air-moving capabilities of flooded-bed scrubbers have become a critical
component for mines seeking MSHA clearance to take an extended cut of up to 40 feet as part of
an approved ventilation plan [6]. However, clogging of the fibrous screen with dust particles is a
very common phenomenon. According to a study conducted by Campbell et al., scrubber air
reduces by 23% following one 30-foot cut of coal due to clogging [75]. It was further established
that scrubber air loses about a third of its airflow in a single cut [76].

2.4.2 Dust Scrubber with Blowing and Exhaust Ventilation
Figure 2.14 shows a dust scrubber with blowing ventilation. This is one of the most common setups
in underground mining operations. The scrubber collects dusty air located at the cutter head, filters
it, and then discharges the clean air at the rear end of the miner. This not only cleans the dirty air
but also helps check the methane concentration [77].

Figure 2.14: Dust scrubber with blowing ventilation [78]
Dust scrubbers have also been used in conjunction with exhaust ventilation as shown in Figure
2.15. The major drawback with this system of ventilation is ventilating the blind headings.

Figure 2.15: Dust scrubber with exhaust ventilation [78]
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2.5 Theory of Filters
The efficiency of a fibrous filter depends on the size of the particles and the flow rates. Cleaning
efficiency is pointless without stating the particle size and flow rates [5]. The efficacy of a fibrous
filter in collecting particles is influenced by several physical mechanisms. Interception, impaction,
diffusion, and electrostatic attraction are the most predominant mechanisms.

2.5.1 Interception
Smaller-sized particles that are too small to possess inertia follow streamlines. When the particle
makes contact with the fiber, it adheres to the medium and is trapped as shown in Figure 2.16 [79].

Figure 2.16: Interception of a particle by a filter fiber [79]

2.5.2 Impaction
Impaction occurs when large, high-density particles that are unable to adjust to the abrupt changes
in the streamlines impact the fibrous surface. Due to their high inertia, they continue to follow their
original path and impact the fiber surface, as shown in Figure 2.17 [79].

Figure 2.17: Inertial impaction [79]
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2.5.3 Diffusion
Gases are composed of a large number of molecules that are relatively small in size compared to
the intermolecular distance. These molecules collide with each other and travel in a zig-zag pattern.
When not colliding among themselves, these molecules act like ridged spheres that move in straight
lines. This random motion is referred to as Brownian Motion [80]. Diffusion is predominant in
small particles with sizes of less than 0.1 μm. The greater the particle's mobility, the more likely it
is to collide with the filter fiber.

Figure 2.18: Diffusion [79]
Figure 2.19 illustrates the variation in cleaning efficiency with a change in particle size. For a highly
efficient fibrous filter, diffusion is the primary filtration mechanism for particle size less than 0.1
μm. The filter is less efficient for particles between 0.1 and 0.4 μm since the particles are too big
for a significant diffusion effect and too small for a large interception effect. Particles larger than
0.4 μm enter the area where interception and inertial impaction predominates [81].

Figure 2.19: Filter efficiency vs particle size [81]
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2.5.4 Gravity
Gravity acts on particles with densities that differ from the fluid. Particles may enter a detention
site and be collected if the fluid velocity is low, as shown in Figure 2.20. Heavier particles increase
the gravitational effect, whereas the effect is reduced by high fluid velocity and viscosity [82].

Figure 2.20: Gravity mechanism [79]

2.5.5 Electrostatic Attraction
The electrostatic attraction mechanism involves generating charge in particulate matter using
ionized wire. The electrically-charged fibers then attract the oppositely charged particles from the
airstream, as shown in Figure 2.21. This attractive force is effective when the fluid flow velocity is
low [83]. As air velocity increases, the contact time between charged pollutants and charged media
is shorter and results in lower efficiency [79].

Figure 2.21: Electrostatic attraction [79]
This mechanism is widely used in developing highly efficient filters with low-pressure drops like
electrostatic precipitators (ESP). An ESP removes aerosols from a gas stream by charging them
positively or negatively using electrical energy. These charged particulates are then attracted to the
oppositely charged plates [84].
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2.6 Theory of Impactors
Impactors work on the principle that when particulate matter is subjected to steep turns, it prefers
to follow the streamline, owing to inertia, and then strikes an impaction plate if present [85]. The
heavier the particle, the greater will be the inertia and the higher will be the collection efficiency.
Particles with less inertia do not deviate from the streamlines, and instead they tend to follow the
air away from the impaction region. Figure 2.22 illustrates the types of impactors commonly used
in the industry. A flat plate/jet impactor, as shown in Figure 2.22(a), consists of a nozzle
accelerating the air and impacting against a fixed plate. Figure 2.22(b) shows a virtual impactor in
which the impaction plate is replaced by a collection tube. Fast-moving airflow from the nozzle is
diverted at an angle of 900. Small particles with low inertia values follow the airstream and are
swept away by the major flow. While the denser particles deviate from the streamlines and are
collected at the collection tube. Figure 2.22(c) shows a body impactor in which the impactor plate
moves through the air and particles collide with the moving surface [86]. Because of the simplicity
in design, flat-plate impactors are most common.

Figure 2.22: Types of inertial impactors [86]
In 1860, M.F. Pouchet was the first to apply the impaction principle in the development of a
sampling device. Several researchers were later inspired to develop effective dust sampling and
collecting systems. Figure 2.23 shows the first 100 years of the development of impactor designs.
Maddox's sampler was the foundation for the early design of the May impactor, a highly significant
and frequently used cascade impactor that was developed 70 years later. Numerical methods for
solving the equations governing fluid flow and particle motion can be used to determine the
efficiency of the impactors [85].
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Figure 2.23: First 100 years of impactor design [86]

2.6.1 Cascade Impactor
Cascade impactors are based on the principle of curvilinear motion of the particle in the airstream
[87]. It consists of a series of impaction plates stacked on top of each other. A jet stream is routed
through the arrangement. A denser particle, having high inertia values (cut-off size), resists the
change in the path and strikes one of the plates. Smaller particles with less inertia modify their
course and remain airborne. Figure 2.24 shows the schematics of Anderson's cascade impactor
(ACI).

Figure 2.24: Schematic representation of Anderson cascade impactor
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Based on this principle, the University of Kentucky has developed a novel Vortecone for capturing
automobile paint spray [88]. The Department of Mining Engineering, University of Kentucky,
further redesigned the concept of the Vortecone and reengineered it to develop a Vortecone for
scrubber operation in mining [89], [90]. Three-stage, non-clogging, self-cleaning impingement type
screens, as shown in Figure 2.25, were designed as a drop-down replacement of the conventional
fibrous screen based on the principle of impaction.

Figure 2.25: Impingement screen [91]
The airflow pressure-drop and cleaning effectiveness of fibrous screens were compared with the 3
screen impingement screens. The results showed that although the pressure-drop values of the
impingement screens were higher but were more efficient in cleaning dust particles [91]. Detailed
discussion on designing and testing of impingement screens are discussed in this thesis.

2.6.2 High-Efficiency Particulate Air (HEPA) Filter
HEPA filters are highly efficient pleated mechanical air filters as shown in Figure 2.26. Military
concerns for protection against chemical, biological, and radioactive warfare agents, as well as to
prevent emissions from nuclear weapons production facilities, led to the development of HEPA
filters (as officially defined by the U.S. Dept. of Energy) [92].
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Figure 2.26: Components of deep pleated HEPA filter [92]
HEPA filters are highly efficient in capturing submicron size particles in the range 0.02-0.5μm
[93]. These filters get clogged over time and must be replaced regularly [94].

2.7 Iso-kinetic Sampling of Aerosols
The dust concentration is measured precisely by sampling nozzles using isokinetic sampling
methods. The basic idea behind the sampling is that the streamlines in the vicinity of the sampling
nozzle must not diverge and remain in a straight line as shown in Figure 2.27 [95]. When the
sampling velocity is lower than the mainstream velocity. A part of the mainstream is diverted
around the sample tube. Denser particles will enter the sampling domain due to higher inertia values
and will result in higher concentration in the sampling tube than the mainstream [96]. While the
lighter particles will be carried away resulting in a lower concentration. This condition can be
illustrated in Figure 2.28. The large hollow spheres in the figure represent the denser particles and
the small solid spheres represent particle of relatively smaller masses.

Figure 2.27: Streamlines when sampling velocity and mainstream velocity are equal [69]
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Figure 2.28: Streamlines when sampling velocity is lower than mainstream velocity
When the sampling velocity is too high than the mainstream velocity as shown in Figure 2.29 the
inertia of the denser particles will keep them away from following the streamlines and will end up
in lower concentration in the sampling tube than mainstream. The smaller particles, on the other
hand, will follow the streamlines and ultimately end up in larger concentrations [97].

Figure 2.29: Streamlines when sampling velocity is higher than mainstream velocity

2.7.1 Accuracy of Sampling Experiments
The following points must be kept in mind for best results using isokinetic sampling [96]:
(i)

The sampling nozzles should be smooth and short to avoid tube losses.

(ii)

The suction opening must be sharp-edged to prevent the accumulation of matter.

(iii) The sample and mainstream velocity must be equal.
(iv) Sample must face directly into the mainstream to avoid divergence.
Figure 2.30 shows the velocity profile inside the sampling tube. Friction, surface roughness, and
turbulence contribute to the reduced velocity along the edges.

Figure 2.30: Velocity profile across sampling tube
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Computational Fluid Dynamics Modeling
Computational Fluid Dynamics (CFD) modeling has a wide range of applications in mining
engineering, including mine ventilation, mine fires and dust control. Fundamental equations
governing CFD modeling and the methodology adopted for the study are discussed in this chapter.

3.1 Introduction to CFD Modeling
CFD is a rapidly evolving numerical technique for solving the fundamental equations governing
fluid flow using a high-performance computing device [98]. The governing equation includes
conservation of mass, balance of momentum and energy conservation [99].

3.1.1 Mass Conservation
Equation 3.1 is the general form of mass conservation for compressible flow, also known as a
continuity equation. Equation 3.2 is the continuity equation in index notation for cartesian
coordinates.
𝜕𝜌
+ 𝛻. (𝜌𝑣⃗ ) = 0
𝜕𝑡

3.1

𝜕𝜌
𝜕
+
(𝜌𝑢𝑘 ) = 0
𝜕𝑡 𝜕𝑥𝑘

3.2

Where ρ = density of a fluid or solid
v = velocity of the fluid
t = time
𝛻 = gradient operator
𝜕𝜌

For an incompressible flow, density remains constant, and hence 𝜕𝑡 = 0, so the continuity equation
reduces to

𝜕𝑢
𝜕𝑥

+

𝜕𝑣
𝜕𝑦

+

𝜕𝑤
𝜕𝑧

=0

3.1.2 Momentum Conservation
Conservation of momentum, which is based on Newton’s Second Law of Motion can also be
referred to as Navier’s Stokes equation and is given by equation 3.3.
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𝜕
( 𝜌𝑣⃗ ) + 𝛻. (𝜌𝑣⃗ 𝑣⃗ ) = −𝛻𝑝 + 𝛻. (𝜏𝑖𝑗 ) + 𝜌𝑔⃗
𝜕𝑡
I

II

III

IV

3.3

V

Where P = static pressure
τij = viscosity stress tensor
ρg = gravity force per unit volume
Terms in roman numerals denote
I = local change in time
II = momentum convection
III = surface forces
IV = diffusion term
V = mass force
If the fluid is assumed to be incompressible with a constant viscosity coefficient (μ), the equation
is simply reduced to equation 3.4, known as the Navier-Stokes equation.
𝜌

𝐷𝑢
⃗⃗
= −𝛻𝑝 + 𝜇𝛻 2 𝑢
⃗⃗ + 𝜌𝑔⃗
𝐷𝑡⃗

3.4

3.1.3 Energy Conservation
Conservation of energy is based on the first law of thermodynamics, which states that adding work
and heat to a system will increase the system's energy, as shown in equation 3.5.
∆𝑄 + ∆𝑊 = ∆𝐸
Where ∆Q = heat added to the system
∆W = work done on the system
∆E = increment in total energy of the system.
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3.5

One basic equation can be shown as equation 3.6.
𝜕ℎ
𝜕𝑝
⃗⃗⃗⃗⃗] = −
𝜌[ + 𝛻. (ℎ𝑢)
+ 𝛻. (𝑘𝛻𝑇) + 𝜑
𝜕𝑡
𝜕𝑡
I

II

III

IV

3.6

V

Where h = enthalpy
k = thermal conductivity
T = temperature
φ = heat source
Terms in roman numerals denote
I = local change in time
II = convective term
III = pressure work
IV = heat flux
V = source term
The primary goal of this powerful tool is to approximate the flow and basic equations that provide
the flow's movements and other properties like pressure, velocity and temperature. It enables the
potential to test any condition and requires less time compared to experimental observations. This
not only saves time, but only reduces the cost of research. CFD simulation comprised of 3 main
stages, namely, pre-processing, simulation, post-processing.

3.2 Pre-Processing
The flow domain, which is to be simulated under desired conditions, needs to be modeled. This
requires a CAD software package. AutoCAD developed by Autodesk was used to create 3D
geometries for simulation in this thesis.

3.2.1 Geometry
Clean geometry is essential for computer simulation. Geometry must be free from any defects,
including voids and missing or overlapping faces, as shown in Figure 3.1 [100]. Defective geometry
or missing parts affects the meshing, as the edges of the mesh will not be connected properly, and
the accuracy of the results will be affected.
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A clean geometry implies, that it is enclosed and free from any defects. Watertight geometry
denotes that the mesh is complete on all surfaces, the mesh generates valid elements, and the mesh
is appropriately connected to adjacent surfaces around the perimeter, enclosing the complete
volume. It allows the solver to distinguish between different domains of flow. In this thesis,
watertight geometry was used in the simulation.

Figure 3.1: Example of missing face (Source: Simscale website)

3.2.2 Meshing
The meshing stage entails dividing the flow domain into defined parts, known as cells or control
volumes, as shown in Figure 3.2. Ansys Fluent version 18.2 was used for meshing in this research.

Figure 3.2: 3D mesh
When discretizing flow domains into control volumes, mesh types and resolution are crucial. The
more detailed a mesh is, the more accurate the simulation result would be. Control volume shapes
are determined by the solver's capability [101]. Multizone meshing methods, as shown in Figure
3.3 were used in this research. The flow domain was divided into three connected volumes. The
volume around the screens had polyhedral meshes, which enabled a higher resolution of flow close
to the screen and saved on element count. Micron-sized dust particles had to be monitored in the
transient state, hence a thick mesh was required for this research.
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Figure 3.3: Multizone meshing

3.2.3 Mesh Independence
Mesh independence refers to a mesh that has been optimized to have the lowest number of cells
possible, such that the simulation results are independent of packing density [102]. Three distinct
meshes with different packing densities were created in this research. The meshes were refined so
that, solution is independent of the mesh density. The second grid parameter being the optimal grid
design was chosen for the simulation in this thesis.

3.3 Simulation
Conditions of the simulation are defined at this stage: for example steady, transient one-phase, or
multiphase, turbulence model, fluid type, and boundary conditions. It is essential to know the fluid
characteristics to establish the input parameters.

3.3.1 No slip wall conditions
No slip wall exists because of viscosity. This condition assumes that the fluid will have a zerovelocity relative to the boundary. Prandtl (1904) argued that no-slip condition must be satisfied for
a fluid flowing through a rigid stationary surface. This explains that the velocity becomes zero at
the surface, as shown in Figure 3.4. The velocity gradient is very high along the surface as it attains
the free stream velocity from zero velocity [103]. The inflation layers are used to create thin
elements along the rigid surface so that it can capture the normal gradient along the boundary with
minimal elements.
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Figure 3.4: No slip condition
.

3.3.2 Turbulence model
Turbulence models in CFD are methods for including the effect of turbulence in the simulation of
fluid flows [104]. Fluid flow can be broadly classified into two categories: laminar and turbulence.
At low velocities, the fluid particles follow smooth paths in layers with each layer passing smoothly
past the adjacent layers with little or no mixing this type of flow is laminar flow [105].
A fluid flow, through eddies, swirls and flow instabilities in a chaotic course, is termed turbulent
[106]. Irish scientist Osborne Reynolds (1883), discovered a dimensionless number that estimate
fluid flow based on static and dynamic parameters, as shown in equation 3.7
𝑅𝑒 =

𝜌𝑉𝐿
𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒
=
𝜇
𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒

3.7

Where Re = Reynold Number
ρ = density of the fluid
V = velocity of the flow
L = characteristics length scale of the flow
μ = dynamic viscosity of the flow
A Reynolds number of less than or equal to 2100 is assumed to indicate laminar flow, whereas a
Reynolds number larger than 2100 is assumed to indicate turbulent flow [107]. The flow in this
study is highly turbulent, as the Re is in the range of 55,000-75,000.
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Selection of appropriate turbulence models in the simulation of fluid flow is a difficult question.
To select an appropriate turbulence model proper understanding of flow is very critical to get
reliable CFD results. The selection of the turbulence model in the numerical scheme is significant
and has a significant impact on the simulation results. The various turbulence models can be
summarized as follows:
(i)

Direct Numerical Solution (DNS)

DNS models solve instantaneous Navier–Stokes equations. This model can provide the most
accurate result. Its computing requirements, on the other hand, are extremely high and rapidly
increase with the Reynolds number [107].
(ii)

Large Eddy Simulation (LES)

This model, which lies between DNS and RANS, in terms of applicability uses a filtered NavierStokes equation to solve large-scale eddies. Apart from computing power, LES has significant
challenges in reaching a degree of maturity for entering the mainstream of engineering and
industrial computations [108].
(iii) Reynold Average Navier-Stokes (RANS)
The RANS model uses an average value of both steady and unsteady flows. It is driven by a
turbulence model, which is selected to find out the effect of turbulence on the mean fluid flow
[109]. It requires a modest amount of hardware, computational time, and it is highly accepted in
CFD simulations. The most prominent turbulence models are listed below:
(i)

Spalart-Allmaras

(ii)

k-epsilon

(iii) k-omega
K-epsilon uses a two equation model, turbulent kinetic energy and dissipation rate, and it has good
convergence with low memory requirements [109]. A Realizable K-epsilon model was used in this
research. Figure 3.5 shows the comparison of turbulence models based on cost and geometrical
complexities.
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Figure 3.5: Turbulence model in CFD

3.3.3 Steady-State Simulations
The term "steady-state" refers to a state or condition in which stated variables change negligibly
over time and the flow is fully developed [110]. Steady-state simulations were used to calculate the
pressure-drop across the screens to generate the flow pressure-drop curve for conceptualized
screens in this research. This was very critical in accepting the designs for further simulations and
final fabrication.

3.3.4 Transient State Simulations
Transient state simulations are performed when the flow variables change over time until a steadystate is reached. This model utilizes the Lagrangian approach to derive the underlying physics.
Transient state simulation was used to track particles to generate impaction efficiency. Based on
the impaction efficiency curve, the designs were evaluated.

3.3.5 Particle Time Step Size
The Courant–Friedrichs–Lewy or CFL condition states that the distance that any information
travels during the time step length within mesh must be lower than the distance between mesh
elements [111]. The Courant number is a dimensionless number, which is defined as the time a
particle stays in one cell of the mesh, as shown in Figure 3.6. This is very critical in transient state
simulation. The Courant number should be less than 1. If the value exceeds 1, this shows the time
step is too large for the particle to stay in the cell, and it skips the cell, which might result in
divergence in calculation. The Courant number can be expressed as equation 3.8.
𝐶=𝑢

∆𝑡
∆𝑥
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3.8

Where C = courant number
u = velocity magnitude
∆t = time step size
∆x = length between mesh elements

Figure 3.6: Definition of the Courant number

3.4 Post Processing
After the simulation, the next stage is analyzing the results. Methods such as vector plots, contours,
streamlines are used as post-processing tools. Figure 3.7 shows the velocity contour of a CFD
model used in this research.

Figure 3.7: Velocity contour
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Laboratory Testing and CFD Validation
The Department of Mining Engineering, University of Kentucky, offers a dust filtration laboratory
dedicated to research on aerosols and dust filters. This dedicated laboratory hosts all equipment
needed for filter performance testing. The facility was modified to house a full-scale screen for
laboratory testing. This chapter describes the laboratory experiments performed and CFD
validation of the conceptualized screen design.

4.1 Laboratory Setup
The dust filtration lab in the Department of Mining Engineering has a 480V power supply to run
an Allen Bradley variable frequency drive (VFD) controlled centrifugal fan, as shown in Figure
4.1.

Figure 4.1: VFD controlled centrifugal flow fan
The centrifugal fan is connected to the pressure measuring device through an 18 x 12-inch
rectangular duct made of an aluminum sheet. The pressure measuring station, shown in Figure 4.2,
has embedded honeycomb structures, which also serve as a flow straightener and maintains
streamlines of airflow. The two outlet points of the pressure measuring device shown in Figure 4.3
were connected to the pressure gauge to measure total and static pressure. Mean velocities were
also calculated to estimate the quantity of air flowing through the duct at every operating point.
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Figure 4.2: Dwyer STRA duct mounted airflow measurement station (Source: Dwyer website)

Figure 4.3: TSI multi-function ventilation meter
Customized bends with vane and rail arrangements, shown in Figure 4.4, are installed in the duct
system to avoid shock losses at the corners.

Figure 4.4: Customized vane and rail arrangement
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The arrangement shown in Figure 4.4 is connected to the upstream of the filter assembly, as shown
in Figure 4.5. The filter assembly houses the small-scale screens.

Figure 4.5: Filter assembly housing small-scale screens
Three different iso-kinetic nozzles were 3D printed as shown in Figure 4.6. These were designed
based on cleaning efficiency tests to be run for airflows of 1,000, 1,500, and 2,000 cfm. The
corresponding diameters of the nozzles are 2.50, 2.04, and 1.77 mm.

Figure 4.6: 3D printed sampling nozzles
To inject dust particles in a regulated manner, a 3D printed auger system was connected to an
Arduino-controlled stepper motor, as shown in Figure 4.7. The angular velocity and idle time
between steps were precisely controlled to avoid overwhelming the Optical Particle Sizer (OPS),
which was connected upstream. This was done to ensure that at no point did the optical particle
count exceed the rated capacity of 3000 particles/cm3 for the OPS 3330.
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Figure 4.7: Auger feeder system for controlled dust injection
TSI OPS 3330, as shown in Figure 4.8 is a high-performance spectrometer that measures optical
diameter. In the studies, two sets of OPS were used to sample aerosols, one installed upstream and
the other downstream. The downstream sampling nozzle was connected to the desiccant dryer, as
shown in Figure 4.9, in order to eliminate water from the air channeled through it.
Figure 4.10 shows the graphical representation of the laboratory setup designed for the testing of
screens.

Figure 4.8: TSI Optical Particle Sizer 3330

Figure 4.9: Desiccant dryer
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Figure 4.10: Laboratory setup

4.2 Reduced Scale Testing
Ashish et al. in 2017 already tested a three-stage impingement screen as a viable fibrous screen
alternative [91]. The tests were conducted at low airflows. Further, one more screen as shown in
Figure 4.11 identical to the first screen was fabricated and added to the assembly to analyze the
effect of the fourth screen on cleaning efficiency trends. The primary goal was to create a CFD
model that could imitate experimental results and be utilized to create full-scale impingement
screen designs.

Figure 4.11: Assembly of four-stage reduced size impingement screen
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4.2.1 System-Curve of Four-Stage Impingement Screen
The major objective of this research project is to develop efficient non-clogging, low resistance
filters. It was, therefore, important to establish baseline values of flow, pressure-drop, and
resistance parameters. The screen separation was kept at 3.0, 2.0 and 3.0 mm between consecutive
screens. The screen was installed inside the screen assembly at 45o to the general airflow direction
in the duct. An inline flow control knob was installed to regulate water inflow. Total and static
pressure were recorded for variable frequency drive frequencies of 10.0 to 35.0 Hz, increased in
steps of 5.0 Hz. Velocity pressure was computed at all frequencies, and average airflow speed was
determined. Experiments were repeated three times, and an average of total pressure and volumetric
flow rates computed were plotted to determine the flow pressure-drop curve for the impingement
screen. A similar procedure was repeated for the fibrous screen. Figure 4.12 shows the flow
pressure-drop curve of the impingement screen when compared with the fibrous screen. The
resistance of the impingement screen was approximately 1.5 times that of the fibrous screen.
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Figure 4.12: Flow pressure-drop curve of impingement screen vs fibrous screen

4.2.2 Cleaning Efficiency of Four-Stage Impingement Screen
Experiments were run to determine the cleaning efficiency of the impingement screen with coal
and limestone dust. Keystone Mineral Black 325 A, weighing 3.2 gm, coal dust particles were
injected upstream into the filter using a pneumatic injection system. Sampling times of 5 minutes
were set for the experiments. A TSI optical particle sizer, OPS 3330, was programmed to capture
particles both upstream and downstream.
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A complex refractive index (1.78 – i 0.60) and density (1220 kg/m3) for coal, and 1.5 – i 0.005 and
2550 kg/m3 for limestone were programmed into the OPS. The airstream was iso-kinetically
sampled upstream and downstream. Experiments were randomly designed for three different
airflows: 1,000, 2,000 and 3,000 cfm. Airstreams sampled at both ends were analyzed to calculate
the cleaning efficiency of the filters. Three sets of randomly selected experiments were performed
for each airflow, and the average value was taken into consideration for cleaning efficiency
calculations. For limestone, 5 gm of rock dust was injected into the duct. The water flow rate was
kept constant at 6 gpm.

Figure 4.13 and Figure 4.14 show the cleaning efficiency of the

impingement screen for coal and limestone, respectively. The graph shows that cleaning efficiency
increases with an increase in airflow. The higher cleaning of limestone is attributed to the fact that
limestone particles are heavier than coal dust particles. When compared to smaller particles, which
tend to follow the airstreams and may escape the screen, larger and heavier particles are removed
far more efficiently.
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Figure 4.13: Cleaning efficiency of four screen filter for coal dust particles
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Figure 4.14: Cleaning efficiency of four screen filter for limestone dust particles

4.2.3 CFD Modeling of Reduced-Size Impingement Screen
CFD models were generated to compare the computed values to the values obtained from
laboratory experiments. Steady-state and transient-state models were generated systematically to
ensure that the predicted flow pressure-drop and impaction efficiency trends matched the laboratory
experiments. This procedure was followed to develop models that could predict the system-curve
and impaction efficiency for a full-scale filter. Mesh generation parameters, shown in Table 4.1,
were used. All further simulations in this thesis will apply this methodology.
Table 4.1: Mesh generation parameters
Parameter

Value

Solver preference, relevance

Fluent, 100

Size function

Curvature

Minimum element size

Inflation option
Inflation growth rate

1.5, 1.25, and 1.25 mm on the filter surface;
body sizing was controlled separately
Total layer thickness (0.5 mm) across 5 layers
on impermeable surfaces
1.1
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Mesh independence studies were carried out with the generation of three meshes with increasing
packing density, shown in
Table 4.2. The number of elements in three meshes was 10.98, 15.72 and 21.85 million. A constant
inlet velocity of 3.8 m/s (748 fpm) was used for this study. The average of total pressure was
computed at the inlet. Wall roughness was assigned a value of 0.00001m.
Table 4.2: Parameters of mesh independence studies for the reduced scale model
Parameters

Grid 1

Grid 2

Grid 3

No. of elements

10,981,008

15,724,853

21,848,351

No. of nodes

4,805,770

6,695,164

12,390,006

Size Function

Curvature

Curvature

Curvature

Max. Size of element (mm)

15

10

6

Element size at screen (mm)

1.5

1.25

1.25

Growth ratio

1.1

1.1

1.1

Pressure at Inlet (pa)

1.113

1.119

1.120

Figure 4.15 shows the contours of velocity magnitude on a plane through the filter for an airflow
of 2,000 cfm.

Figure 4.15: Contours of velocity magnitude through the filter for an airflow of 2,000 cfm
The second mesh, with 15.72 million mesh elements, was used to generate the flow pressure-drop
curve. A comparison was made between values predicted by the computer models with those
obtained from the laboratory experiments. Figure 4.16 shows the predicted and measured pressuredrop values. Individual points show excellent agreement, a mean error of 3.24% was observed.
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This method was used to predict the system-curve for the subsequent designs for the resistance and
system-curve calculation.
7.0
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Figure 4.16: Flow pressure-drop compared

4.2.4 Transient State CFD Modeling of Reduced-Size Impingement Screen
CFD modeling for the transient state was completed next. This was done to build models that can
predict the impaction efficiency of the screen design. Although water spray was used for laboratory
experiments, multi-phase spray modeling was not considered because impaction was the primary
mode of particle capture. The second mesh obtained after grid-independence studies was used for
transient-state particle tracking. An appropriate mass flow rate of coal particles was assigned to the
inlet of the model. They were generated on the entire inlet surface and were projected into the
airflow domain with the same velocity as the average flow rate, corresponding to known flows of
1000, 1500 and 2000 cfm. All diameters were adjusted using the slip correction factor. Particles
were injected for 0.1 s and flow modeled for 1.0 s. Time steps were controlled using the volumetric
flow rate inside the duct. A time step of 0.002 s was set for the airflow of 2,000 cfm and 0.004 s
for 1,000 cfm. Five inner-iterations were run for every time step to enhance accuracy in locating
particle positions. The particles were programmed to be trapped on the filter surface and could
freely pass through the outlet surface. The particles underwent inelastic collision at all other
surfaces with a coefficient of restitution 0.95. Figure 4.17, Figure 4.18 and Figure 4.19 show the
comparison of the cleaning efficiencies compared with the impaction efficiency, obtained from
CFD models at 1,000, 2,000 and 3,000 cfm, respectively.
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Figure 4.17: Impaction efficiency obtained from CFD models and compared to cleaning
efficiency for airflow of 1,000 cfm
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Figure 4.18: Impaction efficiency obtained from CFD models and compared to cleaning
efficiency for airflow of 1,500 cfm

42

Impaction effciency (%)

100
90
80
70
60
50
40
30
20
2

3

4

5
6
7
8
Coal particle diameter (μm)
CFD
Experimental

9

10

11

Figure 4.19: Impaction efficiency obtained from CFD models and compared to cleaning
efficiency for airflow of 2,000 cfm
Computer models show excellent agreement at higher airflows and for larger particles. Errors are
inaccurately predicted at low flows for smaller particles, and this could be attributed to:
(i)

Water sprays are powerful air movers. Although all the experiments were run with the
water sprays operational, they have not been included in the computer models.

(ii)

Particles are injected pneumatically, perpendicular to the general airflow direction in the
duct. Simulations, however, were run for the section housing the filter. This can lead to
errors in the injection profile and cannot be corrected without modeling the entire test rig.

4.3 Full-Scale Test Set-up
The screen assembly, which housed a reduced-size impingement screen, was redesigned to include
a full-size, 26 x 18 5/8-inch screen. The duct was constructed using 80-20 aluminum extrusion with
1/4-inch-thick HDPE as the skin of the duct. Bars were cut to an appropriate size to mount the filter
at a 450 orientation. The projected area of the filter along a vertical plane measures 26 x 14 inches.
Transitions were built to connect the newly-designed screen assembly with the existing duct of size
12 x 18 inches. Figure 4.20 shows the 3D model of the screen assembly. The screen assembly is
attached to the existing duct in Figure 4.21 with a foot-long transition upstream and downstream
of the duct. A full-cone spray was mounted and connected to the laboratory supply of water, as
shown in Figure 4.22.
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Figure 4.20: Schematic of the screen assembly

Figure 4.21: Screen assembly attached to the existing duct through aluminum transitions

Figure 4.22: Full cone spray
Isokinetic sampling nozzles were fabricated in a local fabrication facility, which meticulously
machined the nozzles, as shown in Figure 4.23. A pair of nozzles were designed and machined for
airflows of 3,000, 4,000, 5,000 and 6,000 cfm.

Figure 4.23: Iso-kinetic sampling nozzle for cleaning efficiency testing
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The inlet diameters of these nozzles have been calculated and are shown in Table 4.3.
Table 4.3: Radii to sample known airflows
Airflow rate (cfm)

Average air speed (fpm)

Inlet radius (mm)

3,000

2,000

0.72

4,000

2,667

0.63

5,000

3,333

0.56

6,000

4,000

0.51

4.4 Laboratory Testing of Fibrous Screen
Experiments were run to determine the flow pressure-drop curve for the fibrous filter. Total and
static pressure were recorded for variable frequency drive frequencies of 10.0 to 60.0 Hz, increased
in steps of 10.0 Hz. Velocity pressure was computed at all frequencies, and average speed was
determined. Experiments were repeated three times, and an average of total pressure and volumetric
flow rates were computed. Figure 4.24 shows the discrete points and the curve of best fit through
them.
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Figure 4.24: System-curve for the fibrous screen
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7000

Cleaning tests were performed for coal and limestone dust. Airflow was controlled through the duct
using the variable frequency drive, and it regulated precisely using the pressure measurement
station. Water inflow was controlled using a flow meter and varied depending upon the tests’
requirements. Increasing airflows through fibrous screens led to a higher dilution of coal dust and
this is evident in Figure 4.25 through Figure 4.28. The airflow varied from 3,000 cfm to 6,000 cfm.
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The upstream OPS recorded a higher concentration than the downstream OPS.
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Figure 4.25: Coal dust concentration upstream and downstream for 3,000 cfm at 6 gpm
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Figure 4.26: Coal dust concentration upstream and downstream for 4,000 cfm at 6 gpm
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Figure 4.27: Coal dust concentration upstream and downstream for 5,000 cfm at 6 gpm
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Figure 4.28: Coal dust concentration upstream and downstream for 6,000 cfm at 6 gpm
The cleaning efficiency for known particle size for a particular airflow is represented by the
difference in concentration values. Figure 4.29 through Figure 4.31 shows the cleaning efficiency
at 4, 5 and 6 gpm of water flow rate, respectively. Cleaning efficiency increases with an increase
in water flow rate. Cleaning efficiency drops at 6,000 cfm at 6 gpm, which could be because water
film development is hindered at higher airflow rates, resulting in lower cleaning efficiency. The
cleaning trends for limestone dust particles at 6 gpm showed a similar pattern, and this is shown in
Figure 4.32.
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Figure 4.29: Cleaning efficiency of a fibrous screen for coal dust particles at 4 gpm of water flow
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Figure 4.30: Cleaning efficiency of a fibrous screen for coal dust particles at 5 gpm of water flow
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Figure 4.31: Cleaning efficiency of a fibrous screen for coal dust particles at 6 gpm of water flow
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Figure 4.32: Cleaning efficiency of a fibrous screen for limestone dust particles at 6 gpm of water
flow
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4.5 Parametric Study of Design Parameters
The designing and testing of impingement screens were categorized into two phases. The first phase
was named Generation 1 and the second phase, Generation 2. The goal was to create and test a
first-generation screen in the lab and in-mine, then the results were analyzed, and the design for a
second-generation screen was based on the findings. CFD models were developed to determine the
screen resistance and its impact on efficiency. Since the number of screens determines filter
resistance and cleaning efficiency, a parametric study was carried out to evaluate how adding
screens affects pressure-drop and impaction efficiency.

4.5.1 Parametric Study of Number of Screens
For this study, the slit dimension was kept similar to the reduced size four-stage impingement
screen discussed earlier in this thesis. The design has 6.0 mm-wide rectangular openings. The
second screen had identical perforations though displaced by 6.0 mm. Screens were separated by
3.0, 2.0 and 3.0 mm spacers. Removing the last screen results is a three-screen configuration, which
makes the air take sharp turns, enabling it to trap aerosol particles. Mesh independence studies were
carried out first to develop grids that would not diverge numerically when run at high volumetric
flow rates. Mesh independence was investigated at 6,000 cfm through both screen design.
Table 4.4 shows the parameters of grid-independence studies.
Table 4.4: Mesh independence parameters for the four-screen filter
Parameters
Element count (million)
Mesh element size growth factor
Max. Size of element (mm)
Pressure at inlet (in. wg.)

Grid 1
12.6
22
20.61

Grid 2
18.3
1.5
16
20.30

Grid 3
28.3
1.5
12
20.52

Meshing parameters obtained for mesh 2 were adopted to generate meshes for the three-screen filter
as well. Steady-state converged models were developed for airflows of 3,000, 4,000, 5,000 and
6,000 cfm in both screen designs. The flow pressure-drop curve is shown in Figure 4.33.
Impingement screens have higher resistance compared to fibrous screens due to their entirely
different operations mechanisms. The extra screen increases the pressure-drop by approximately
25%.
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Figure 4.33: Flow pressure-drop curve of 3 screen compared with 4 screen impingement screen
Further, particle tracking simulations were done for an airflow of 6,000 cfm for both screen designs.
Several particles were injected randomly at the inlet and allowed to move inside the flow domain.
Five inner iterations were used in these transient-state simulations. Particles were injected
continuously for a period of 0.01 s and were tracked for 0.50 s, allowing them sufficient time to
impact the screen or escape through it. Figure 4.34 shows the plot of impaction efficiency for
particle sizes 2.0 - 8.0 µm. Simulations were also run for larger particle sizes, which indicated
nearly 100 % particle capture. The plot also shows that the four-screen filter captures many more
particles of smaller sizes. Particles under 4.0 µm are generally considered respirable. The fourscreen filter is predicted to impact about 80% or higher of particles of size, 2 µm. This study
concluded a further development of a four-screen filter to capture respirable dust. This, however,
comes at a higher cost of operation.
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Figure 4.34: Impaction efficiency of 3 vs 4 screen impingement screen
The number of particles impacting the individual screens was then extracted from the log files and
analyzed. Figure 4.35 and Figure 4.36 show the individual screen performance in particle trapping
for 3-screens and 4-screen impingement for an airflow of 6,000 cfm. The first and second screens
together capture most of the larger particles. The fourth screen captures particles below 4.0 μm,

Coal particle diameter (μm)

and hence, it was decided to add the fourth screen to the final design.
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Figure 4.35: Particle impaction distribution plot/filter performance of 3 screen design at 6,000
cfm
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Figure 4.36: Particle impaction distribution plot/filter performance of 4 screen filter at 6,000 cfm

4.5.2 Parametric Study of the Size of the Flow Domain
A study of the most appropriate size of the slit was carried out to determine the dimensions that
would have less resistance and high-capture efficiency. Full-scale models incorporate the entire
flow domain measuring 26 x 14 inches that houses the screens. Reduced scale models were
developed with the height of 1 inch. This enabled the usage of a dense mesh to track the particles
with much higher accuracy since the particles’ positions could now be determined more precisely
as they travel through significantly smaller mesh cells. The flow pressure-drop curves were
developed for the full- and reduced-scale design assuming identical incoming airflow velocity at
the inlet. Figure 4.37 shows the front view of the screen design used in the parametric study. The
design was named Series 3.0. The openings measure 1/4 inch wide and are 2 inches long. Adjacent
openings along the row are separated by 1/4 inch along with columns of 1/8 inch.

Figure 4.37: Front view of conceptualized designs
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Full scale and reduced scale CFD models were generated to study the difference in results. Figure
4.38 depicts the full-scale flow domain used for the study.

Full scale flow domain

Discretized geometry
Figure 4.38: Full-scale geometry

The flow domain was further reduced to represent only one row of slits as a reduced scaled model,
as shown in Figure 4.39, in order to save computational time. Mesh independence parameters used
for the grid-independence for full-scale screen design are shown in Table 4.5. Steady-state CFD
models were run until convergence. Total pressure-drop was computed at the inlet for four airflows
from converged models of full and reduced-scale CFD models. These numbers were converted to
equivalent log values and plotted to obtain the system-curve, as shown in Figure 4.40.

Reduced scale flow domain

Discretized geometry

Figure 4.39: Reduced scale geometry
Table 4.5: Mesh independence parameters for the four-screen full-scale conceptual screen
Parameters

Grid 1

Grid 2

Grid 3

Element count (million)

13.5

20.2

32.4

1.5

1.6

Mesh element size growth factor
Max. size of element (mm)

22

14

8

Pressure at the inlet (in. wg.)

21.64

21.54

21.89
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Figure 4.40: Flow pressure-drop curves drawn on a log scale for reduced and full-scale models
The discrete points for the two models overlap with an error of approximately 1%. This indicated
that the reduced scale models could be used to predict the filter performance at a much lower
computational cost. Reduced scale models with a higher mesh element packing density were used
for further studies.

4.5.3 Parametric Study of the Size of the Slits
A systematic parametric study was performed for the rectangular opening of the slit size, varying
from 4mm to 8 mm. Reduced-scale models were developed to reduce computational time. The
effect of perforation on the flow pressure-drop curve and cleaning trends was examined. Figure
4.41 shows the variation in flow pressure-drop depending on slit openings. It is evident from the
graph that the wider the slit openings, the greater the resistance to air passage through them. As the
slit openings widen, the solid surface following the slits also increases, imparting additional
pressure to the system.
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Figure 4.41: System-curve for different slit opening size
Particles were injected to study the effect of perforation on impaction efficiency. Figure 4.42 shows
the impaction trends at 2,000 cfm. This shows that with an increase in the size of the slit, the
impaction efficiency increases, which can be attributed to the fact that the perforation of the screens
decreases. As a result, the opening size of 6 mm was chosen as optimum for further research.
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Figure 4.42: Impaction efficiency of the different slit opening at 2,000 cfm
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To reduce recirculation at the corners of the rectangular slit, the rectangular sharp edges were
transformed into circular corners, as shown in Figure 4.37. Further, the gap between the rows of
the slit was reduced to 1/4 inch to compensate for preformation reduction due to circular openings.
A systematic parametric study was conducted to see the effect of the perforation on individual
screens on resistance and impaction efficiency. To make it easier to categorize the designs, the
design was given the number 3 as a series name.
Series 3.0 represents the screen design, as shown in Figure 4.43. The second screen of Series 3.0
was designed in such a way that it perfectly blinds the 1st screen. The 3rd and 4th screens blind the
2nd and 3rd screen respectively, as shown in Figure 4.43. The slits on the second screen were reduced
by 1/32 inch along the longer length. All other dimensions remained unchanged. This results in
Design 3.1, wherein the modified slits are shaded in Figure 4.44. Similarly, Design 3.2 has modified
slits on the fourth screen, while Design 3.3 has modified slits on the second and fourth screens. Top
views of these designs are shown in Figure 4.45 and Figure 4.46, respectively. Meshing parameters
are shown in Table 4.6. Figure 4.47 shows the system-curve on a log scale. Design 3.1 and 3.2, in
which one of the screens were modified, have similar resistance indicated by a larger intercept on
the vertical axis. Filter 3.3 has the highest resistance, which was expected since openings on two
of the screens were made narrower.

Figure 4.43: Design 3.0

Figure 4.44: Design 3.1
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Figure 4.45: Design 3.2

Figure 4.46: Design 3.3

Table 4.6: Mesh independence parameters for the four-screen reduced scale filter
Parameters

Grid 1

Grid 2

Grid 3

Element count (million)

5.1

9.7

17.4

2

2

Mesh element size growth factor
Max. Size of element (mm)

22

16

10

Pressure at the inlet (in. wg.)

21.99

22.03

22.37

1.5
1.4

log[P(in. wg.)]

1.3
1.2
1.1
1.0
0.9
0.8
0.7
6.90

7.00
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7.20
7.30
2 log[q(cfm)]
3.0 3.1 3.2 3.3

7.40

7.50

Figure 4.47: Flow pressure-drop curve for conceptual designs
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Particle tracking was done next. A similar procedure, as discussed earlier, was followed to inject
particles of size 2.0 μm – 8.0 μm. Figure 4.48 shows the impaction efficiency of the conceptual
designs. Design 3.3, with two of the screens shrined, was found to be most efficient. The higher
efficiency was pronounced more in the lower particle-size range. However, the pressure-drop of
Design 3.3 was 30% higher than Design 3.0. Series 3.1 and 3.0 were found to be more efficient and
have less flow pressure-drop.
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Figure 4.48: Cleaning efficiency of conceptual impingement screens

4.5.4 Parametric Study of the Screen Spacing
From the previous parametric study, it was evident that Design 3.0 and Design 3.1 performed best
in their class in terms of low pressure-drop and higher impaction efficiency. Further studies were
conducted to study the effect of screen spacing on design performance. The front and top view of
the conceptual design, labeled as Series 3.0, is shown in Figure 4.49. The opening measured 1/4
inch in width and is 2 inches long. Adjacent openings along the rows are separated by 1/4 inch and
columns by 1/8 inch. To reduce the computational time, reduced-scale models were used to
generate CFD models.
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Figure 4.49: Front and top view of the conceptual design 3.0
Mesh independence parameters are shown in Table 4.7. Grid 2 parameters were used for steady
and transient state simulation for different screen spacings.
Table 4.7: Mesh independence parameters for the four-screen full-scale conceptual design 3.0
Parameters

Grid 1

Grid 2

Grid 3

Element count (million)

5.08

9.72

17.4

2

2

Mesh element size growth factor
Max. size of element (mm)

22

16

10

Pressure at the inlet (in. wg.)

21.99

22.03

22.37

Steady-state CFD models were run until convergence. Total pressure-drop was computed at the
inlet for four airflows from converged models of reduced scale. These numbers were converted to
equivalent log values and plotted to obtain the system-curve as shown in Figure 4.50. The screen
spacing represented as 3_2_3 represents the spacing between 1st and 2nd screens, 2nd and 3rd screens,
and 3rd and 4th screens, in mm respectively. The graph shows that spacing between the screens is
critical in adding pressure-drop to the system.
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Figure 4.50: Flow pressure-drop curve for design 3.0 for different screen spacings
Figure 4.51 shows the impaction efficiency of the conceptualized screens. It is evident from the
two graphs that screen spacing of 3_2_2 (mm) was best suited in terms of pressure-drop and
impaction efficiency.
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Figure 4.51: Impaction efficiency of conceptual impingement screen 3.0 with different spacing
combinations at 6,000 cfm
Figure 4.52 shows the impaction efficiency distribution on individual screens for conceptualized
screen 3.0. This graph shows that the fourth screen captures the particle below 5 microns.
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Figure 4.52: Particle impaction distribution and screen performance of design 3.0 at 6,000 cfm for
spacing 3-2-3 (mm)
A similar study was performed for Design 3.1. Figure 4.53 shows the front and top view of the
conceptual screen 3.1, as explained earlier in this thesis. Figure 4.54 shows the pressure-drop when
plotted in log terms.

Figure 4.53: Front and top view of conceptual impingement screen 3.1
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Figure 4.54: Flow pressure-drop curve for design 3.1 for different spacing combinations
Figure 4.55 shows the impaction efficiency trends for Design 3.1. It is evident from the graphs
below that 3_2_3 is the best possible combination for these designs.
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Figure 4.55: Impaction efficiency of conceptual impingement screen 3.1 with different spacing
combinations

63

4.6 Possible Designs of Impingement Screens
Before fabrication and testing in the lab, various possible designs were simulated to compare
efficacy. This section discusses the various design choices that were considered for this study.

4.6.1 Three Screen Rectangular Design
From the previous study, it was evident that the number of screens and perforations play a crucial
role in the efficacy of impingement screens. A three-screen rectangular design was simulated to
study the efficacy of the impingement screen. The design parameters are shown in Table 4.8. The
opening measure was 1/4 inch on the first screen. The opening width and height were further
reduced by1/32 inches on the 2nd and 3rd screens, progressively.

Figure 4.56: Front and top view of screen design 4.0
Table 4.8: Screen design parameters of design 4.0

Screen area (in2)
Slit length (in)
Slit width (in)
Horizontal slits
Vertical slits
Perforation

Screen 1 Screen 2 Screen 3
352.5
352.5
352.5
2 7/8
2 13/16
2 3/4
1/4
3/16
1/8
47
46
47
5
5
5
47.9%
34.4%
22.9%

The design was further altered, and the openings were widened to 5/16 inch for the first screen, and
again, the screens were pinched by 1/32 inch on all sides of the 2nd and 3rd screen. The design was
coded as Design 4.1, as shown in Figure 4.57.
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Figure 4.57: Top view of screen design 4.1
The screen design parameters are shown in

Table 4.9. The mesh parameters are shown in

Table 4.10. Steady and transient state models were run and compared in log scales, as shown in
Figure 4.58. Design 4.2 has higher perforation than Design 4.1, and hence shows less airflow
pressure- drop.
Table 4.9: Screen design parameters for design 4.1

Screen area (in2)
Slit length (in)
Slit width (in)
Horizontal slits
Vertical slits
Perforation

Screen 1 Screen 2 Screen 3
352.5
352.5
352.5
2 14/16 2 13/16 2 12/16
5/16
1/4
3/16
38
37
38
5
5
5
48.4%
36.9%
27.8%

Table 4.10: Mesh independence parameters for 3-screen reduced-scale conceptual screen
Parameters

Grid 1

Grid 2

Grid 3

Element count (million)

3.69

8.96

21.25

2.4

2.4

Mesh element size growth factor
Max. size of element (mm)

20

12

6

Pressure at the inlet (in. wg.)

22.84

22.32

22.27
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Figure 4.58: Flow pressure-drop curve for conceptual 3 screen impingement screen
The impaction efficiency graph, as shown in Figure 4.59, shows that although increasing the
perforation decreases the airflow pressured drop, the impaction efficiency also decreases.
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Figure 4.59: Impaction efficiency of 3-screen impingement screen
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4.6.2 Circular Designs
Since perforation plays a crucial role in adding pressure, a study was conducted on circular designs
of impingent screens. Perforation on screen 1 was done to increase the overlap portion of screens
1 and 2. The circular opening area on the third screen was also increased to improve screen
perforation. Screen 4 was designed to perfectly blind screen 3 openings, as shown in Figure 4.60.
Further perforations were made on screen 2 to overlap it with screen 3, as shown in Figure 4.61
and were named as, Design 5.2.

Figure 4.60: Front view of the conceptual circular screen Design 5.1

Figure 4.61: Front view of the second screen of the conceptual filter Design 5.2
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Mesh parameters with 8.7 million elements for Designs 5.1 and 5.2 were used to generate a steadystate CFD model to calculate flow pressure-drop values. Screen spacing was kept at 3.0 mm for all
screens. Values obtained were compared with the experimental values of the fibrous screen on a
log scale and are shown in Figure 4.62. This shows the high resistance of the circular design due to
low perforation. Figure 4.63 shows that the circular designs are more efficient than previous
designs, but the flow pressure-drop values are approximately 1.5 times more than previous designs.
It was observed that any circular designs having perforation below 45% show heavy resistance to
airflow.
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Figure 4.62: Flow pressure-drop curve for conceptual circular design
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Figure 4.63: Impaction efficiency of circular design
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4.7 Full-Scale CFD Model for First-Generation Screen Designs
Based on the values obtained from the systematic study, Design 3.1 as Design 1 and Design 3.0 as
Design 2 were selected best suited for the fabrication and testing. Full-scale models were generated
to develop models that could predict the system-curve and cleaning efficiency in designing
impingement screens. Mesh independence studies were carried out to ensure that the results are
independent of the meshing density. Three different mesh grids were developed with increasing
packing density, shown in Table 4.11. Mesh 2 parameters were used to generate the flow pressuredrop curve, as shown in Figure 4.64.
Table 4.11: Mesh independence parameters for the full-scale screen Design 1
Parameters

Grid 1

Grid 2

Grid 3

Element count (million)

12.16

16.69

30.85

1.6

1.6

Mesh element size growth factor
25

15

8

Pressure at the inlet (in. wg.)

6.92

6.78

6.70

Pressure-drop (in. wg.)

Max. size of element (mm)

18
16
14
12
10
8
6
4
2
0
500

1500

2500
3500
Volumetric airflow (cfm)
CFD

4500

Figure 4.64: Flow pressure-drop curves of full-scale Design 1
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Particle tracking to determine the impaction efficiency was completed next. Particle size was
determined from the average of the channel readings, as shown in the OPS. Mesh 2 parameters
were used to develop the transient-state models. Although water spray was used in the laboratory
experiments at 6 gpm, multi-phase spray modeling was not considered for transient-state models
because impaction was considered to be the primary mode of particle capture. Particles were
injected for 0.01 s and flow was modeled for 0.6 s Five inner iterations were run for every time step
of .001 s. Impaction efficiency obtained for different particle sizes at 5,000 cfm was plotted, shown
in Figure 4.65.
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Figure 4.65: Impaction efficiency obtained from full-scale CFD models for Design 1 at 5,000 cfm
A similar procedure was repeated for full-scale CFD for Design 2. Table 4.12 shows the grid
parameters for the full-scale design.
Table 4.12: Mesh independence parameters for the four-screen full-scale filter Design 2
Parameters

Grid 1

Grid 2

Grid 3

Element count (million)

11.78

20.19

31.56

1.6

1.6

Mesh element size growth factor
Max. size of element (mm)

20

12

8

Pressure at the inlet (in. wg.)

7.04

6.90

7.00
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Mesh 2 parameters, with 20.19 million elements were used to generate the flow pressure-drop curve
and are shown in Figure 4.66. Similar procedures as explained in Design 1, were followed to inject
particles and obtain the impaction efficiency curve for the second design of the first generation, as

Pressure-drop (in.wg.)

shown in Figure 4.67.
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Figure 4.66: Flow pressure-drop curves of full-scale Design 2
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Figure 4.67: Impaction efficiency obtained from full-scale CFD models for Design 2 at 5,000 cfm
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4.8 First-Generation Fabrication and Testing
Based on the preliminary study performed, Series 3.1, as shown in Figure 4.53, and 3.0, as shown
in Figure 4.49, were selected for laboratory testing. 1/16 inches thick T6 aluminum sheets as shown
in Figure 4.68 were cut to fabricate screens of size 26 x 18.625 inches. The screens were fabricated
at a machine shop in Winchester, Kentucky. Aluminum frames of dimension, as shown in Figure
4.69 were fabricated at the machine shop. Aluminum spacers of dimensions 3.0 mm and 2.0 mm
were used to assemble the screen.

Figure 4.68: Aluminum sheet

Figure 4.69: Aluminum frame
Experiments were performed to generate the flow pressure-drop curve for the full-scale, firstgeneration Design 1(series 3.1) and 2 (series 3.0). Screen spacings between the 1st and 2nd screen
were kept at 3.0 mm, while the 2nd and 3rd have a spacing of 2.0mm. The 3rd and 4th screen is spaced
at 3.0mm. Total and static pressures were recorded at an interval of 10 Hz. Frequency was varied
from 10 Hz to 60 Hz. Experiments were repeated three times, and average values of total pressure
and volumetric airflow rate were plotted to obtain the resistance of the system. Figure 4.70 and
Figure 4.71 show the first-generation Design 1 and Design 2, respectively.
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Figure 4.70: First-generation Design 1

Figure 4.71: First-generation Design 2
Figure 4.72 and Figure 4.73 show the system-curve of Design 1 and Design 2, respectively. Design
1 was observed to have higher resistance and can be attributed to the fact that the overall perforation
of Design 1 is less than Design 2.
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Figure 4.72: System-curve for the first-generation screen Design 1
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Figure 4.73: System-curve for the first-generation screen Design 2
Total pressure values obtained from the experiments were converted to equivalent log scale and
compared with the full scale conventional fibrous filter, as shown in Figure 4.74.
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Figure 4.74: Flow pressure-drop curve for first-generation designs vs full-scale fibrous filter in
log scale
Experiments were run to determine the cleaning efficiency of first-generation designs with coal and
limestone dust. Sampling times of 5 minutes were set for the experiments. A TSI optical particle
sizer, OPS 3330 was programmed to capture particles both upstream and downstream. Complex
refractive index (1.78 – i 0.60) and density (1220 kg/m3) were programmed into the OPS for coal.
3.2 grams of fine coal dust was injected through an auger feeder upstream. The water flow rate was
kept at 6 gpm for all laboratory experiments. The airstream was iso-kinetically sampled upstream
and downstream. Experiments were randomly designed for 3 different airflows. Airstream sampled
at both ends was analyzed to calculate the cleaning efficiency of the screen. Four sets of randomly
selected experiments were performed for each airflow and an average value was taken into
consideration for cleaning efficiency calculations. Figure 4.75 shows the cleaning efficiency trends
of the first-generation Design 1 screen with coal. Cleaning efficiency was observed to increase with
the increase in airflow. Five grams of rock dust sample was injected for the cleaning tests with
limestone. Figure 4.76 shows the cleaning efficiency trends of the Design 1 screen with limestone.
The higher cleaning efficacy of limestone is due to the fact that limestone dust particles are heavier
than coal dust particles, making it more difficult for heavier particles to change their path of travel
at higher speeds.
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Figure 4.75: Cleaning efficiency of screen Design 1 with coal
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Figure 4.76: Cleaning efficiency of screen Design 1 with limestone
A similar test procedure was repeated for Design 2. Figure 4.77 and Figure 4.78 shows the cleaning
efficacy of Design 2 with coal and limestone dust, respectively. Design 1 was observed to have
higher cleaning efficiency than Design 2.
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Figure 4.77: Cleaning efficiency of filter Design 2 with coal
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Figure 4.78: Cleaning efficiency of filter Design 2 with limestone
Figure 4.79 shows the cleaning efficiency of Designs 1 and 2 compared with the conventional
screen at 5,000 cfm. From the graph, it is evident that both designs outperform the conventional
screen.

77

Cleaning efficiency (%)

100
95
90
85
80
75
2

3

4

5
6
7
8
Particle diameter (µm)
Design 1-Coal
Design 1-Limestone
Design 2-Limestone Fibrous-Coal

9

10

11

Design 2-Coal

Figure 4.79: Cleaning efficiency comparison of first generations screen designs vs fibrous screen
at 5,000 cfm

4.9 CFD Validation of Full-Scale Models
Full-scale CFD Models generated in earlier experiments were validated from the values obtained.
Flow pressure-drop and cleaning efficiency values were matched with the experimental values.
This was done to develop a CFD model that could predict the system-curve and impaction
efficiency of the second-generation design. Figure 4.80 shows the CFD values compared with the

Pressure-drop (in. wg.)

laboratory values. A mean error of 4% was observed for the system-curve.
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Figure 4.80: Flow pressure-drop values compared for Design 1
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The cleaning efficiency values were compared with the impaction efficiency values and are shown
in Figure 4.81. A mean error of approximately 1% was observed for the cleaning values.
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Figure 4.81: Impaction efficiency obtained from CFD models at 5,000 cfm and compared to the
cleaning efficiency of screen Design 1 at 5,000 cfm for coal
Similarly, the CFD values were compared with the experimental values for design 2 and are shown

Pressure-drop (in.wg.)

in Figure 4.82. A mean error of 11% was observed for the pressure-drop values.
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Figure 4.82: Flow pressure-drop values compared for Design 2
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An error of approximately 3.3 % was observed for the cleaning values for Design 2.
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Figure 4.83: Impaction efficiency obtained from CFD models at 5,000 cfm and compared to the
cleaning efficiency of screen Design 2 at 5,000 cfm for coal

4.10 Dry Run of First-Generation Screen Designs
The first-generation screen designs were tested in dry conditions. The screens were subjected to
airflow ranging from 600 - 4,000 cfm. These tests were conducted to identify the inflection point
at which the dust trapped by the screen surface begins to be picked up by the fast-moving airstream.
The test was repeated for both designs. Limestone dust was used for testing purposes. Figure 4.84
shows the cleaning efficacy of Design 1. It is evident from the graph that cleaning efficiency
increases from 600 cfm to 2,000, cfm but when the airflow crosses 2,000 cfm it begins to drop.
This can be attributed to the fact that the trapped dust particle starts getting picked by the highvelocity airstream. Similar tests were repeated for the design 2 screens, and the cleaning trends
were plotted as shown in Figure 4.85. This also states that for an airflow beyond 1,500 cfm, the
cleaning efficiency starts to decline.
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Figure 4.84: Cleaning efficiency of generation 1 Design 1 screen in a dry run for limestone
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Figure 4.85: Cleaning efficiency of generation 1 Design 2 screen in a dry run for limestone
Further analysis was done based on specific dust particle size to observe the inflection point. It was
observed from Figure 4.86 to Figure 4.88 the inflection point for Design 1 and 2 screens was 2,000
cfm and 1,500 cfm, respectively.
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Figure 4.86: Cleaning efficiency trends for 3μm size particle at different airflows
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Figure 4.87: Cleaning efficiency trends for 5μm size particle at different airflows
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Figure 4.88: Cleaning efficiency trends for 8μm size particle at different airflows
The summary of CFD models and laboratory tested screen designs are presented in Table 4.13.
Table 4.13: Summary of screen designs

Laboratory (coal at 5000 cfm for 6gpm
waterflow)
Avg.
Operating
Airflow
Efficiency
Design
Pressure
(cfm)
2- 3 μm
(in. H2O)
(%)

CFD
Filter
Design

Operating
Airflow
Pressure
(cfm)
(in. H2O)

Avg.
Efficiency
2- 3 μm
(%)

Series 3
3.0

6000

22

91

Design 2

5364

14

81

3.1

6000

26

96

Design 1

5185

14

91

3.2

6000

26

91

3.3

6000

29

95

4.0

6000

22

91

4.1

6000

20

87

5.1

6000

35

96

5.2

6000

32

96

Series 4

Series 5
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Scale Modeling
Scale modeling is an experimental method for analyzing engineering processes on a small scale.
Designed impingement screens have the potential to replace prevailing conventional screens.
Scaling laws, using the law approach have been developed for the impingement screens. CFD
models were generated to determine system-curves for scaled models. This could aid in
understanding the operational principle with less time and resources, scaling the designs for
relevant industrial applications. CFD models predicting the system-curve for 1/2 scale and 3/4 scale
are discussed in this chapter.

5.1 Introduction to Scale Modeling
Scaling is a powerful tool that validates how physics works at different proportions. It provides a
simplistic approach to understand a complex phenomenon. Scaling laws reduce the cost of
assembly and act as an intelligent and robust approach to understand phenomena. Scale modeling
is used in many fields, including aerospace, civil, fire modeling and Vibro acoustics [112]–[114].
The large scale of mining poses a serious challenge in research and development and scale
modeling can help overcome this problem. Ashish et. al in 2020 used scale modeling in determining
the flow pressure-drop curve of a novel Vortecone [115]. Additionally, researchers at the University
of Kentucky have used scaling laws in developing numerical models of dust capture through
flooded-bed dust scrubbers on a longwall panel [116]. The steps for generating scaling laws are
shown in Figure 5.1.

Figure 5.1: Scale modeling Technique (Source: Emori, Saito 2008)
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5.2 Development of Scaling Laws using the Law Approach
Scale modeling of a system can be carried out using different techniques, including equations, law
and parameter approaches. The law approach has been used for the development of scaling laws
since its governing forces were known. This approach involves observing the full-scale model,
developing pi-numbers from governing forces, and analyzing and comparing data between different
scaled models. The different-sized ducts represent a change in the ventilation of each duct’s crosssectional area. The scaling laws can be used to design screens for the specific size of the duct and
then utilized to forecast flow pressure-drop values. The Navier-Stokes equation as shown in
equation 5.1, was used to determine the flow pressure-drop.
𝑑𝑢
𝜌 = −𝛻𝑝 + 𝜇𝛻 2 + 𝐹
𝑑𝑡

5.1

𝐹𝑖 = 𝐹𝑝 + 𝐹𝜇 + 𝐹𝑔
Where, u = air velocity
ρ = density
t = time
p = pressure
μ = coefficient of viscosity
F = external forces
Fi = inertial force
Fp = pressure force
Fμ = viscous force
Fg = gravity force
The airflow through the screens is governed by inertial, pressure, viscous and gravitational forces,
and they are represented in equation 5.2 through equation 5.5.

𝐹𝑖 = 𝜌𝑙2 𝑣 2

5.2

𝐹𝑔 = 𝜌𝑙 3 𝑔

5.3
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𝐹𝑝 = 𝑝𝑙 2

5.4

𝑄 = 𝑢𝐴

5.5

Where l = characteristic length of the system
A = cross sectional area of the duct
Q = quantity of air flowing through duct
Equations 5.2, 5.3 and 5.4 yield two dimensionless ℼ-numbers. These are shown in

𝜋1 = 𝐸𝑢 =

𝐹𝑝
𝑝𝑙2
𝑝
= 2 2 = 2 ⇒ √𝑝 ∝ 𝑢
𝐹𝑖 𝜌𝑙 𝑢
𝑢

𝜋2 = 𝐹𝑟 =

𝐹𝑖 𝜌𝑙 2 𝑢2 𝑢2
= 3 =
⇒ 𝑢 ∝ √𝑙
𝐹𝑔
𝜌𝑙 𝑔
𝑙

5.6

5.7

Equation 5.6 and equation
5.7 represent Euler’s (ℼ1) and Froude’s (ℼ2) numbers, respectively. Using the above equations, a
dynamic relationship between volumetric airflow rate and characteristic length can be determined,
as shown in equation 5.8. This relationship established will be used to scale the impingement
screen.

𝑄
∝ √𝑙 ⇒ 𝑄 ∝ 𝐴√𝑙 ⇒ 𝑄 ∝ 𝑙2 √𝑙 ⇒ 𝑄 ∝ 𝑙2.5
𝐴

5.8

5.3 Application of Scaling Laws to Scale Impingement Screens
CFD modeling was used to demonstrate the airflow pattern of the scaled models. A multizone
meshing technique was used to assure a greater resolution along the screens, as explained in the
preceding chapter. Reduced-scale rectangular slits, discussed in the previous chapter, were used for
this study. Figure 5.2 through Figure 5.4 represent the fluid domain for the scaled models.
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Figure 5.2: Full-scale fluid domain

Figure 5.3: 3/4th scale fluid domain

Figure 5.4: 1/2 scale fluid domain
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Table 5.1 and Table 5.2 show the mesh generation parameters and grid details of the scaled models
Table 5.1: Mesh generation parameters

Parameter
Solver preference, Relevance
Size function
Minimum element size
Inflation layer
Inflation growth rate

Value
Fluent, 100
Curvature
3.0, 2.0, and 1.5 mm on the screen surface;
body sizing controlled separately
Total layer thickness (0.5 mm) across 5 layers
1.1

Table 5.2: Grid element details for the mesh independence studies for the full-scale, ¾ scale and
½ scale models

Element count
(million)
Max. size of
element (mm)
Inlet pressure
(pa)

Full-Scale
Mesh Mesh Mesh
I
II
III

3/4 Scale Model
Mesh Mesh Mesh
I
II
III

1/2 Scale Model
Mesh Mesh Mesh
I
II
III

8.43

12.99

19.99

8.66

11.84

17.90

7.20

9.55

13.27

15.0

8.0

5.0

11.3

6.0

4.0

11.30

6.0

4.0

489.7

484.9

483.8

366.2

363.3

369.7

250.7

251.0

250.6

Mesh 2 parameters were used for the simulation. Transient state models were run until
convergence. Figure 5.5 through Figure 5.7 show the contours of velocity vectors on a plane
through the screen assembly.

Figure 5.5: Contours of the velocity vectors of full-scale on a plane through the screen
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Figure 5.6: Contours of the velocity vector of 3/4 scale on a plane through the screen

Figure 5.7: Contours of the velocity vector of 1/2 scale on a plane through the screen
The pressure-drop values obtained from the laboratory experiments were then compared with the
values obtained from the full-scale CFD model and are shown in Figure 5.8.
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Figure 5.8: Comparison of results obtained from CFD models to the experimental data of the fullscale size
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A mean error of 1.1% was observed between experimental and CFD values. Further, the CFD
models were scaled down to 3/4 scale and 1/2 scale, and the input velocities values were adjusted
based on scaling laws, as shown in Table 5.3. The corresponding pressure values obtained from the
converged model were then plotted against the experiment values, as shown in Figure 5.9. The
mean errors of 1.35 % and 4.58% was observed for 3/4 scale and 1/2 scale models, respectively.
Table 5.3: Input parameters for scaled models

Velocity full
scale
2.55
3.8
5.08
6.36
7.62
8.94

Velocity 3/4
scale
2.21
3.29
4.40
5.51
6.60
7.74

Velocity half
scale
1.80
2.69
3.59
4.50
5.39
6.32

Pressure full
scale
0.48
1.09
1.94
3.01
4.35
5.94

Pressure 3/4
scale
0.38
0.82
1.46
2.27
3.25
4.55

Pressure 1/2
scale
0.26
0.57
1.01
1.58
2.25
3.08
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Figure 5.9: Experiment vs scaled model
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In-mine Testing and Second-Generation Screen
Design
The Department of Mining Engineering, University of Kentucky, has an in-mine testing facility at
the Nally & Gibson limestone mine in Georgetown, Kentucky. The facility can emulate the working
face of a mine. First-generation screen designs were tested at the dust gallery, and based on those
results, second-generation screen designs were designed. This chapter covers in-mine testing and
second-generation screen design.

6.1 In-mine Test Setup
The in-mine facility houses a dust gallery consisting of a continuous miner. Figure 6.1and Figure
6.2 show the view inside and outside the dust gallery, respectively. Figure 6.3 shows the layout of
the in-mine setup.

Figure 6.1: Inside view of the dust gallery

Figure 6.2: Outside view of the dust gallery
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Figure 6.3: Experimental layout of the in-mine setup
The scrubber section has two major modules: fan and scrubber. The fan module consists of a 50 hp
(37.285 KW) 3540-rated rpm centrifugal fan and duct containing HDPE plastic and 80/20 bars, as
shown in Figure 6.4. A variable frequency drive, shown in Figure 6.5, was connected to the fan to
control the fan motor speed, and hence, the amount of air passing through the scrubber.

Figure 6.4: Fan assembly
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Figure 6.5: Variable frequency drive
The scrubber module was designed to accommodate a screen of size 15.75 x 25.25 x 1 inches. It
consists of spacers and a sliding door mechanism. Spacers were made to fit perfectly over the
screens and fill in the gaps on the top and bottom. Figure 6.6 shows the screen, spacers and sliding
door installed in the scrubber. Figure 6.7 shows the set of spacers designed for the screen.

Figure 6.6: Sliding door mechanism
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Figure 6.7: Set of spacers
A demister was installed downstream of the screen as shown in Figure 6.8 to remove the water
droplets from the air stream. Figure 6.9 shows the complete setup of the scrubber assembly. For
safety reasons, the scrubber outlet was covered with thin wire mesh.

Figure 6.8: Demister installed in the scrubber
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Figure 6.9: Scrubber designed for in-mine testing of impingement filters
To pump off the collected water, an automatic on/off pump was installed underneath the demister,
as shown in Figure 6.10. It has iSwitch technology which turns the pump on and off by sensing the
1
4

presence of water. It can generate 50 gpm using 1 inch hose pipe.

Figure 6.10: Submersible pump installed beneath demister
The arrangement for an external water supply was made using two valves attached to the water
storage tank, as shown in Figure 6.11. This was done to remove the dirty water, held below the
demister, out of the system, supplying fresh water for the scrubber. As soon as the water level rises
above the mark, the pump beneath the demister begins pumping the dirty water, while the
freshwater supply remains uninterrupted.
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Figure 6.11: External water supply arrangement
A trickle duster with a diffuser was operated to produce a cloud of finely powdered limestone into
the dust gallery, as shown in Figure 6.12.

Figure 6.12: Trickle duster connected to diffuser
Personal Dust Monitor (PDM) 3700 as shown in Figure 6.13 was used to measure dust
concentration inside the dust gallery. The position of the PDM inside the dust gallery is shown in
Figure 6.3.

Figure 6.13: Personal Dust Monitor (PDM) 3700 (Source: Thermo Fisher Scientific)
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6.2 Experimental Design
Experiments were conducted to determine how long it takes to load the dust gallery with enough
limestone dust to be read by PDM without clogging the PDM's filters. An axial fan, positioned at
the return of the dust gallery, was turned on for two minutes to ensure the dust gallery was clear of
any previously-stored rock dust. Figure 6.14 shows the inside view of the dust gallery when the
trickle duster has been turned on for 20 minutes. Images were taken at an interval of 5 minutes.
Dusting beyond 15 minutes resulted in clogging of the filter inside PDM, and hence, a 15 min
interval was standard for dusting the gallery.

5 Min

10 Min

15 Min

20 Min

Figure 6.14: View inside dust gallery with trickle duster on
Total mass deposited values were plotted against time intervals. The mass deposition and time were
found to have a linear relationship and are shown in Figure 6.15.
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Figure 6.15: Mass deposited on the CPDM filter during the experiment
The response of PDM to a change in dust concentration was studied using a 30-minute sample run.
PDM was turned on in the truck and was placed in the dust gallery for a set period. The main fan
attached to the return airway was turned on for 3 minutes. After this, the main fan was turned off,
and the trickle duster was turned on for 5 minutes. To clear the dust-laden air inside the dust gallery,
the main fan was turned on. Figure 6.16 shows the cumulative mass deposition data plotted against
time to indicate the PDM's response to the change in operation. It was observed that it takes about
2 minutes for the PDM to respond to the change in conditions. This sample run also showed a
constant mass deposition when the trickle duster was turned on for 5 minutes.
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Figure 6.16: Mass deposited over sample run
Laser lights were installed along the horizontal and vertical planes to see the diffusion of dust
through the trickle duster, and they are shown in Figure 6.17 and Figure 6.18.

Figure 6.17: Laser light along a vertical plane to the diffuser
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Figure 6.18: Laser light along a vertical plane to the diffuser

6.3 Experimental Procedure
All the screens were then tested against the different values of the frequency to establish a relation
between frequency and the quantity of air flowing through each screen. A hotwire anemometer was
used to measure the airflow at the inlet of the scrubber at each frequency value. The tests also
included one partially-clogged fibrous screen retrieved from the continuous miner, as shown in
Figure 6.19. A setup, without any screen installed in the scrubber, as shown in Figure 6.20 named
as the system, was used for the experiment to analyze the resistance of the demister. The values
were then plotted, as shown in Figure 6.21.

Figure 6.19: Clogged fibrous screen
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Figure 6.20: Test setup termed as system
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Figure 6.21: Airflow vs frequency values
This revealed that, in the existing set-up, the impingement screens may only be tested at a maximum
of 6,000 cfm due to their high resistance to airflow.

6.3.1 Experimentation Methodology
The flooded-bed scrubber and trickle duster were located in a confined volume within the
Georgetown mine facility. The trickle duster introduces rock dust into the confined area, and
measurements were taken for the time it took to clear the air. This procedure appears to be the only
reasonable method to obtain useful measurements with only one PDM, which was used to measure
the ambient dust levels in the confined area over a test period.
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Initially, the rock duster was operated for 15 minutes before starting the scrubber; however, this
period had to be altered because the amount of produced dust overwhelmed the capabilities of the
PDM. Furthermore, the rates of generating dust concentrations for the various runs proved to be
inconsistent. Because of this inconsistency, and the limited measurement capabilities of the PDM,
a 5-minute dusting operation was considered sufficient for the desired dust concentration levels.
Therefore, the rock duster was shut down after 5 minutes of operation. The total deposited mass
value recorded on the PDM was used to calculate the minute-to-minute differential (DM),
indicating the amount of new dust that occurred over the last minute. Because the PDM is accurate
to 0.01 mg/m3, this value was used as the zero point. For example, a DM of 0.01 calculated from
3.00 to 3.01 is considered no change. The cumulative DM from any period is the total amount that
has been recorded up to that time. No change in DM means that no new dust is being seen by the
PDM, and that the air is clear. Because the amount of dust being injected into the confined volume
cannot be accurately controlled, the cumulative DM at the start of scrubbing is normalized as 100%,
and when the DM drops to 0.01 or less, it is normalized to 0%. Normalized data is designated by
DM%. The scrubber screen that performs best at a given air quantity is defined as the one that
attains a DM% of 0% in the fastest time. Normalizing the data in this way accounts for the
difference in the amount of dust in the air at the beginning of each test.

Figure 6.22: View of dust gallery after 5 minutes of rock duster operation
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Figure 6.23: View of dust gallery after 15 minutes of scrubber operation at 6,000 cfm.
The normalized values of mass deposition (Δm) were plotted against time for each screen for
different airflows and are shown in Figure 6.24 through Figure 6.26.
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Figure 6.24: In-mine testing of impingement screens compared with conventional screen at 4,000
cfm
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Figure 6.25: In-mine results of impingement screens compared with conventional screen at 5,000
cfm
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Figure 6.26: In-mine testing of impingement screens compared with conventional screen at 6,000
cfm
Both Design 1 and Design 2 of the first-generation outperform the conventional screen. However,
due to the high-pressure-drop across the impingement screens, more than 6,000 cfm could not be
achieved with this scrubber setup.
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Cleaning tests were performed at 7,000 and 8,000 cfm airflows for the conventional screen, and the
results compared with the system are shown in Figure 6.27 and Figure 6.28.
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Figure 6.27: In-mine testing of conventional screen compared with system at 7,000 cfm
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Figure 6.28: In-mine testing of Conventional Screen compared with System (no screen) at 8,000
cfm
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6.3.2 Consistency Tests
Cleaning tests were repeated for some airflows to check the consistency of the results. Tests were
repeated for the conventional screen at airflows of 5,000 and 6,000 cfm and they are shown in
Figure 6.29 and Figure 6.30, respectively. For Design 1, generation 1 screen tests were repeated at
an airflow of 6,000 cfm, as shown in Figure 6.31. For both runs, a similar decay rate was observed.
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Figure 6.29: Change in mass deposition values for the conventional screen at 5,000 cfm for 2
different sample runs
0.20
0.16

Δm (mg)

0.12
0.08
0.04
0.00
0

2

4
Time (min)
Run 1
Run 2

6

8

Figure 6.30: Change in mass deposition values for the conventional screen at 6,000 cfm for 2
different sample runs
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Figure 6.31: Change in mass deposition values for generation 1, Design 1 screen at 6,000 cfm for
two different sample runs

6.4 Second-Generation Screen Design
Based on the results obtained from laboratory and in-mine testing, it is evident that the impingement
screens outperform the conventional screen, with the only advantage being less resistance than
impingement screens. Screen perforation and screen spacing play critical roles in adding pressure
to the system. First-generation designs were modified further to make the screen suitable for higher
airflows without affecting cleaning efficiency. This can only be achieved by overlapping the slit
area between screens.

6.4.1 CFD Simulation of Second-Generation Design
The generation 2 design has an overlap dimension of 1/16 inches between screen plates 1 and 2,
and 1/8 inches. between screen plates 2 and 3. Screen plate 4 was designed to perfectly blind plate
3. The front view of plates 1 and 2 is shown in Figure 6.32. The hatched area shows the perforation
between plates. This perforation shortens the time it takes to hold the airstream, lowering the
system's pressure-drop. CFD modeling was performed to generate the system-curve and impaction
efficiency at 8,000 and 6,000 cfm. Table 6.1 shows the mesh parameters for the CFD simulations.
The inlet pressure values obtained from the CFD simulations were plotted to obtain the systemcurve, as shown in Figure 6.33. Further transient state simulations were performed to obtain the
impaction efficiency curves at 6,000 and 8,000 cfm.
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According to CFD simulations, the conceptual screen has lower resistance than first-generation
designs, and the impaction efficacy is comparable at larger airflows. Figure 6.34 shows the cleaning
efficiency curve compared with the conventional screen at 6,000 cfm. The screen spacing was kept
at 3.0, 2.0 and 3.0 mm between screens.

Figure 6.32: Front view of the second-generation screen design.
Table 6.1: Mesh parameters for second-generation design
Parameters
Element count (million)
Mesh element size growth factor
Max. Size of element (mm)
Pressure at inlet at 8,000 cfm (in. wg.)
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Grid 2
13.1
1.25
15
21.29

Pressure-drop (in. wg.)

24
20
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4
0
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Volumetric airflow rate (cfm)
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Figure 6.33: System-curve compared to fibrous screen
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Figure 6.34: Cleaning efficiency curves compared with the fibrous screen at 6,000 cfm

6.4.2 Laboratory Testing of Second-Generation Design
The screens were fabricated at the machine shop at Winchester. The screen spacing was kept at 3.0,
2.0, 3.0 mm between screens.
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Figure 6.35: Second-generation screen design
Experiments were performed to generate the flow pressure-drop curve. The total pressure values
obtained were then plotted against the quantity of airflow to generate the system-curve for the
second-generation screen and are shown in Figure 6.36. System-curves for the impingement
screens were then compared with the fibrous screen and are shown in Figure 6.37. The secondgeneration screen has 30% less resistance than the first-generation designs.
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Figure 6.36: System-curve for the second-generation impingement screen
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Figure 6.37: Comparison of system-curve of the impingement screens vs. fibrous screen
Experiments were run to determine the cleaning efficiency of second-generation screens with coal
and limestone dust. Four sets of randomly-selected experiments were performed for each airflow,
and the average value was taken into consideration for cleaning-efficiency calculations. Figure 6.38
shows the cleaning-efficiency trends of the second-generation screen with coal. Cleaning efficiency
was observed to increase with the increase in airflow. Figure 6.39 shows the cleaning trends for
limestone dust.
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Figure 6.38: Cleaning efficiency of the second-generation screen with coal
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Figure 6.39: Cleaning efficiency of the second-generation screen with limestone

6.4.3 In-mine Testing of Second-Generation Design
For the second-generation screen, the in-mine testing procedure was followed. The normalized
values of mass deposition (Δm) vs. time were plotted for each impingement screen, and they were
compared with the system (no screen) and fibrous screens at various airflows, ranging from 4,000
to 8,000 cfm. These are shown in Figure 6.40 through Figure 6.44.
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Figure 6.40: Figure 7: In-mine results of impingement screens compared with the conventional
screen at 4,000 cfm
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Figure 6.41: In-mine results of impingement screens compared with the conventional screen at
5,000 cfm
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Figure 6.42: In-mine results of Impingement screens compared with the conventional screen at
6,000 cfm
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Figure 6.43: In-mine results of second-generation screens compared with the conventional screen
at 7,000 cfm
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Figure 6.44: In-mine results of second-generation screens compared with the conventional screen
at 8,000 cfm
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6.4.4 Dry Run for Second-Generation Design
The dry run as explained in the first-generation design was repeated for the second-generation
design. Figure 6.45 shows the performance of the generation-2, Design-1 screens under dry
conditions. For this design, the inflection point was observed to be at 1,000 cfm. This can be
attributed to the fact that the designs have overlapping regions between screens.
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Figure 6.45: Cleaning efficiency of generation-2 Design-1 screen in a dry run for limestone

6.5 Results and Analysis
The change in mass deposition can be expressed as equation 6.1.
Δm = 100(𝑒 −𝑏𝑡 )

6.1

Where, Δm = normalized mass deposition (%)
t = time (min)
b = decay rate (min-1)
The factor b is strongly related to the filtration of dust particles by different screens. The higher the
value of b, the higher the filtration. Table 6.2 compiles the values obtained from statistical analysis
at 4,000, 5,000 and 6,000 cfm. The higher values of b indicate the higher filtration rate of the design.
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Table 6.2: Statistical analysis of decay rate for different screen designs

System
Fibrous
Gen_1_Design_1
Gen_1_Design_2
Gen_2_Design_1

4000
Decay
Adj.
Rate
R2
0.1298
0.9577
0.2585
0.9028
0.2999
0.8583
0.2587
0.9148
0.2432
0.9177

5000
Decay
Adj.
Rate
R2
0.1976
0.9406
0.2857
0.8962
0.3256
0.8625
0.2945
0.8904
0.2964
0.8956

6000
Decay
Adj.
Rate
R2
0.2124
0.8949
0.2914
0.7612
0.3519
0.8365
0.3233
0.8775
0.3540
0.8706

Figure 6.46 through Figure 6.48 show the raw data with the best fit curve plotted through them.
From the graph, it is evident that for low airflow, the generation-1, Design-1 is a suitable design.
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Figure 6.46: Change in mass deposition at 4,000 cfm
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Figure 6.47: Change in mass deposition at 5,000 cfm
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Figure 6.48: Change in mass deposition 6,000 cfm
Figure 6.49 shows the decay-rate values plotted against the three airflows. The decay-rate increases
with the increase in airflow. Design 1 has the highest decay rate, hence it's best for lower airflows.
Since generation-2 design resistance is 30% lower than the generation-1 design's - and the decay
rate is nearly the same - it's a good choice for higher airflows.
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Figure 6.49: Decay rate vs airflow for different designs
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Conclusion and Future Work
The goal of this research was to design and test non-clogging, self-cleaning impingement screens
that could replace multilayered fibrous screens used in the mining industry. The study was
conducted in two phases:
(i)

First-generation filter conceptualization, modeling and experiments, and

(ii)

Second-generation filter conceptualization, modeling and experiments.

In the first-generation filter design, CFD models were developed to study the effect of factors
affecting the performance of impingement screens. Steady and transient-state CFD models were
developed as a part of the design. The best-performing design was fabricated and tested for its
efficacy in the laboratory. Cleaning tests were performed with coal and limestone dust. The
experimental results were used to validate the CFD models. This was done so that a model could
be developed that could precisely predict the system-curve and cleaning efficiency trends.
The screens were then tested in-mine for airflows ranging from 4,000 to 6,000 cfm. The
performance of the first-generation designs was compared to that of conventional fibrous screens.
Based on the research findings and analyses, the second-generation of screens was designed.
Compared to the first-generation screen design, the second-generation design had 30% less
resistance and had comparable cleaning efficiency to fibrous screens at higher flows. Since the
filters have less resistance to airflow, they were tested at 8,000 cfm. At all airflows, the
impingement filters perform better than the fibrous screen.
The following points summarize some of the highlights of the research findings:
(i)

The influence of water flow rate on fibrous screen cleaning was investigated in a study.
Cleaning efficiency dropped at 6,000 cfm, while the water flow rate was kept at 6 gpm,
since the high moving airflow stream prevented the formation of water film on the screen
surface. It was further observed that the screen removed larger particles more efficiently
for a particular airflow. Therefore, particle size, airflow, and water flow rates are critical
in defining cleaning efficiency.
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(ii)

The pressure-drop of the system increases by about 25%, when an additional screen is
added to the design. However, for particles below 5μm, the four-screen impingement
design captures 10% more particles than the three-screen design. It was further observed
that slit width and screen spacing are very critical in designing impingement screens.
Increasing slit openings reduces the screen perforation, and hence captures more particles,
but adds significant pressure to the system.

(iii)

The resistance of the first-generation impingement type filters is 2.5 times that of a
conventional screen. First-generation screen designs outperform both conventional and
second-generation designs in terms of cleaning efficiency, making them a viable alternative
to conventional screens for lower airflow applications. The second-generation designs have
a 30% lower resistance than the first-generation designs. They may be a good alternative
to conventional screens at higher airflows.

(iv)

Scaling laws were established using the law approach, which could be used in scaling the
designs of the impingement screen for implementation in multiple industries. Scale

modeling technique was used to predict the operating point when the screen assembly
was scaled down geometrically to 3/4th and 1/2nd times the original size.

7.1 Flow Chart of Screen Design
Based on the study conducted, a flow chart as shown in Figure 7.1 was prepared to graphically
represent the steps required to design and test screens. This helps in identifying the different
elements of the process and understanding the interrelationship among various steps.
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Figure 7.1: Flow sheet of screen design and testing
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7.2 Avenues of Future Work.
A few avenues for further investigation are enumerated in the following points:
(i)

Multiphase CFD modeling could be used to include water sprays in the design of the
impingement type screens.

(ii)

Normal water was used in the experiment, but surfactants and foam as cleaning fluid could
be used to improve the capture.

(iii)

The screens were designed as a drop-down replacement of the current fibrous screens. A
study could be conducted on the effect of inclination on the performance of the designs.

(iv)

Scaling laws were developed for the impingement screens, which could be used to predict
the system-curve by doing steady state CFD modeling. Further laws can be developed for
particle injection.

(v)

The in-mine testing was performed with the help of a single PDM. Multiple PDMs could
be used to perform future tests.
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Appendix
The concentrations of upstream and downstream OPS in laboratory testing are illustrated in these
graphs.
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Appendix Figure 1: Dust-concentration with the water inflow of 6 gpm for generation-1 Design-1
for coal at 3,000 cfm
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Appendix Figure 2: Dust-concentration downstream for generation-1 Design-1 for coal at 6 gpm
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Appendix Figure 3: Dust-concentration upstream for generation-1 Design-1 for limestone at 6
gpm
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Appendix Figure 4: Dust-concentration downstream for generation-1 Design-1 for limestone at 6
gpm

124

These tables represent the data obtained from in-mine testing of generation-1, Design-1

Appendix Table 1: Cumulative mass deposition when duster was turned on at 4,000 cfm

Time
12:53:07 PM
12:54:07 PM
12:55:07 PM

Duster On
Cumulative Mass
(mg)
7.4519
7.5467
7.8574

Mass Deposited
(mg)
0.09
0.31
Total = 0.4055

Appendix Table 2: Cumulative mass deposition when scrubber as turned on at 4,000 cfm

Time
12:56:07 PM
12:57:07 PM
12:58:07 PM
12:59:07 PM
1:00:07 PM
1:01:07 PM
1:02:07 PM
1:03:07 PM
1:04:07 PM
1:05:07 PM
1:06:07 PM
1:07:07 PM
1:08:07 PM
1:09:07 PM
1:10:07 PM
1:11:07 PM

Scrubber On
Cumulative Mass
(mg)
8.0100
8.0667
8.1096
8.1413
8.1661
8.1848
8.2001
8.2120
8.2226
8.2226
8.2353
8.2353
8.2353
8.2469
8.2469
8.2469
Total
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Mass deposited
(mg)
0.057
0.043
0.032
0.025
0.019
0.015
0.012
0.011
0.000
0.013
0.000
0.000
0.012
0.000
0.000
0.2369
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